Whistles of Sympatric Species of Bottlenose Dolphins (Tursiops truncatus) and Spotted Dolphins (Stenella frontalis) in the Bahamas: Acoustic Characteristics and Contextual Use by Kaplan, Jennifer Daisy
City University of New York (CUNY)
CUNY Academic Works
Dissertations, Theses, and Capstone Projects Graduate Center
9-2015
Whistles of Sympatric Species of Bottlenose
Dolphins (Tursiops truncatus) and Spotted
Dolphins (Stenella frontalis) in the Bahamas:
Acoustic Characteristics and Contextual Use
Jennifer Daisy Kaplan
Graduate Center, City University of New York
How does access to this work benefit you? Let us know!
Follow this and additional works at: https://academicworks.cuny.edu/gc_etds
Part of the Psychology Commons
This Dissertation is brought to you by CUNY Academic Works. It has been accepted for inclusion in All Dissertations, Theses, and Capstone Projects
by an authorized administrator of CUNY Academic Works. For more information, please contact deposit@gc.cuny.edu.
Recommended Citation
Kaplan, Jennifer Daisy, "Whistles of Sympatric Species of Bottlenose Dolphins (Tursiops truncatus) and Spotted Dolphins (Stenella
frontalis) in the Bahamas: Acoustic Characteristics and Contextual Use" (2015). CUNY Academic Works.
https://academicworks.cuny.edu/gc_etds/1003
  
 
 
 
 
 
WHISTLES OF SYMPATRIC SPECIES OF BOTTLENOSE DOLPHINS (TURSIOPS 
TRUNCATUS) AND SPOTTED DOLPHINS (STENELLA FRONTALIS) IN THE BAHAMAS: 
ACOUSTIC CHARACTERISTICS AND CONTEXTUAL USE 
 
by 
 
JENNIFER DAISY KAPLAN 
 
 
 
 
 
A dissertation submitted to the Graduate Faculty in Psychology in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy, The City University of New York 
 
2015  
ii 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 2015 
JENNIFER DAISY KAPLAN 
All Rights Reserved  
iii 
This manuscript has been read and accepted for the  
Graduate Faculty in Psychology in satisfaction of the  
dissertation requirement for the degree of Doctor of Philosophy. 
 
 
 
           Dr. Diana Reiss 
_____________________________________________________________________________________________________ 
 
 
____________________                              ______________________________________________________________________________________________________ 
Date                                                                Chair of Examining Committee 
 
 
 
 
                                                                         Dr. Joshua Brumberg 
____________________________________________________________________________________________________ 
 
 
____________________                                ____________________________________________________________________________________________________ 
Date                                                                  Executive Officer                   
 
 
 
 
 
 
Dr. Chris Braun 
_____________________________________________________________________________________________________________________________________________ 
 
 
Dr. Martin Chodorow 
_____________________________________________________________________________________________________________________________________________ 
 
 
Dr. Richard Connor 
_____________________________________________________________________________________________________________________________________________ 
 
 
Dr. James Gordon 
_____________________________________________________________________________________________________________________________________________ 
Supervisory Committee 
 
 
THE CITY UNIVERSITY OF NEW YORK 
iv 
    
Abstract 
 
WHISTLES OF SYMPATRIC SPECIES OF BOTTLENOSE DOLPHINS (TURSIOPS 
TRUNCATUS) AND SPOTTED DOLPHINS (STENELLA FRONTALIS) IN THE BAHAMAS: 
ACOUSTIC CHARACTERISTICS AND CONTEXTUAL USE 
 
by 
 
Jennifer Daisy Kaplan 
 
 
Adviser: Professor Diana Reiss 
 
Bottlenose and spotted dolphins in the Bahamas frequently interact in social, socio-sexual, and 
aggressive encounters, and whistles are thought to play a key role in their communication.  
Concurrent vocal and behavioral recordings of wild sympatric species of Atlantic spotted 
dolphins (Stenella frontalis) and Atlantic bottlenose dolphins (Tursiops truncatus) were collected 
from three Bahamas populations, and the acoustic parameters, structure, and contextual use of 
their whistles were analyzed.  The mean acoustic parameters of spotted dolphins in the Bimini 
and White Sand Ridge Bahamas populations were higher in frequency than those of bottlenose 
dolphins, but bottlenose dolphins produced whistles that had higher delta and maximum 
frequencies than those of spotted dolphins.  Bottlenose dolphins produced proportionately more 
v 
rise-type calls and convex calls than spotted dolphins did, and spotted dolphins displayed greater 
use of amplitude-modulated whistles.  Differences in acoustic parameters between these two 
sympatric species may enable them to differentiate between conspecifics and non-conspecifics.  
As with all odontocete species examined so far, the two whistle parameters with the highest 
intraspecific variability in these populations were duration and number of inflection points, 
which may aid in individual differentiation or identification.  Whistle acoustic parameters were 
also found to vary with behavioral context and group composition in spotted dolphins.  
Specifically, significantly more whistles produced by dolphin groups comprised mainly or 
entirely of calves and younger juveniles were amplitude modulated, and had significantly higher 
frequency parameters, especially during people-oriented behavioral states.  Whistles with 
amplitude modulation and higher frequencies may provide cues about the age and emotive state 
of the animals producing them.  Biphonation, the simultaneous production of two sounds, is a 
commonly occurring phenomena in the Bahamas Atlantic spotted dolphins.  Bitonal whistles 
have very rarely been reported in any species of dolphin, but both burst-pulse whistles and 
bitonal whistles have been recorded in this population.  Bitonal whistles are produced far more 
frequently by adults than by sexually immature dolphins, while burst-pulse whistles are produced 
more often in younger rather than older animals.  Biphonal components of whistles may provide 
cues as to identity, age, and social role in spotted dolphin whistles.   
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Chapter 1: Introduction and General Method 
Dolphins are highly complex social mammals that use a rich variety of whistles and other 
acoustic signals during social interactions.  Whistles appear to play a key role in their 
communication.  Past studies have described whistle acoustic parameters and contextual use of 
the whistles of spotted dolphins (Stenella frontalis) (Azevedo et al., 2010; Baron, Martinez, 
Garrison, & Keith, 2008; Lammers, Au, & Herzing, 2003), bottlenose dolphins (Tursiops spp) 
(e.g. Azevedo, Oliveira, Dalla Rosa, & Lailson-Brito, 2007; Boisseau, 2005; Hawkins, 2010), 
and several other species of dolphins (e.g. Azevedo & Van Sluys, 2005; Bazúa-Durán & Au, 
2004; Corkeron & Van Parijs, 2001).  A description of the characteristics of whistles used by a 
population provides important baseline data that may afford insights into how sympatric species 
use and vary their whistle repertoires in different social and physical environments.   
This study will report on the whistle characteristics (acoustic parameters and contours) in 
populations of wild sympatric species of Atlantic spotted dolphins (Stenella frontalis) and 
Atlantic bottlenose dolphins (Tursiops truncatus) endemic to the Bahamas.  This study will 
further examine biphonation and contextual use of whistle acoustic parameters and contours in 
Atlantic spotted dolphins. 
There are four study populations; two sympatric populations of spotted and bottlenose 
dolphins that inhabit the waters over a shallow sandbar north of Grand Bahama Island called 
White Sand Ridge, and two sympatric populations of bottlenose and spotted dolphins that reside 
in the waters off the Bimini Islands.  While most cetacean field researchers are limited to surface 
observations of dolphins, these populations enable researchers to obtain detailed underwater 
observations of behaviors because these dolphins frequently remain in close proximity to 
snorkelers for extended time periods and reside in waters with excellent visibility, providing 
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ideal conditions for collecting concurrent underwater video and acoustic recordings of 
vocalizations and behavior. 
Atlantic Spotted Dolphin and Bottlenose Dolphin Life History and Social Structure 
Atlantic spotted dolphins are born without spots, and their first spots do not appear until 
about 4 years of age.  As these dolphins grow older, their spotting increases, and utilizing this 
changing spotting pattern, we are able to categorize spotted dolphins into five age classes based 
on appearance and behavior (Figure 1.1).  The following five age class descriptions are based on 
Herzing (1997):  Class I 'neonate' and Class II 'two-tone' calves are counter-shaded, with a darker 
dorsal and lighter ventral gray coloration.  Neonates (aged 1-3 months) are distinguished from 
two-tones (aged 3 months–3+ years) by the presence of fetal folds.  Calves usually spend the first 
three or more years with their mothers, although older calves may be seen in juvenile subgroups.  
Dolphins are considered Class III, or ‘juvenile,’ dolphins when they have at least two black spots 
on their ventral surface.  Juveniles (age 4-9 years) are usually found in juvenile subgroups, 
although younger juveniles may still be with their mothers if the mothers have not had additional 
offspring.  Class IV sub-adult or ‘mottled’ dolphins (age 10-16 years) have extensive black spots 
on their ventral surfaces and extensive white spots on their dorsal surfaces.  Mottled dolphins are 
generally found with other sub-adults or juveniles.  During this phase, males begin to form 
strong associations with other males, and females may give birth for the first time.  As these 
dolphins grow older, their spots begin to fuse together, making them Class V, or ‘fused’ adults.  
The life span of Atlantic spotted dolphins is not yet known, but based on re-sighting records, 
these dolphins live well into their 30s (personal observation).   
Juvenile females form strong associations with other females of their same age class, 
while sexually mature females tend to have high associations with other females in similar   
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Figure 1.1.  Age classes and spotting patterns of Atlantic Spotted Dolphins:  (A) A two-tone calf 
and fused adult.  (B) A female juvenile.  (C) A sub-adult female who has just entered the mottled 
phase.  (Reproduced from Kaplan, 2006).   
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reproductive states (Herzing & Brunnick, 1997).  Males form fewer, but stronger associations 
with other males (Brunnick & Herzing, 2001).  These males also come together to form larger 
alliances.  Alliances are formed mainly among young-adult and adult males, although some 
juveniles have been included in alliances (Brunnick, 2000). 
 Atlantic bottlenose dolphins are not as easy to age as spotted dolphins.  Age for calves 
and young juveniles can be estimated based on body length, but age estimates of adults can 
really only be determined from identification catalogues recording repeated sightings over the 
years.  Calves remain with their mothers for up to 3-4 years, longer in some cases (Rogers, 
Brunnick, Herzing, & Baldwin, 2004).  Age of sexual maturity for females is estimated to be 
between 5 – 13 years (Mann, Connor, Barre, & Heithaus, 2000; Wells, Scott, & Irvine, 1987), 
and for males, between 8 – 13 years (Wells et al., 1987).  Females often have larger networks of 
associates than males do (Rogers et al., 2004; Wells et al., 1987).  Adult females in the Bahamas 
populations tend to change affiliations with changing reproductive status, and a few males show 
evidence of forming long-term associations with other males (Rogers et al., 2004).  The stronger 
and more frequent affiliations are within same-sex dyads (Rogers et al., 2004).  Like the 
Bahamas spotted dolphins, male bottlenose in the Bahamas form alliances.  These alliances often 
come in to play during aggressive mixed-species encounters (Herzing & Johnson, 1997; Rogers 
et al., 2004).  
The spotted and bottlenose dolphins in the Bahamas live in fission-fusion societies 
similar to those of other populations of bottlenose dolphins described by Wells et al. (1987) and 
Connor, Wells, Mann, and Read (2000) in which individuals associate in groups that change 
frequently in size and composition.  In addition, these two species residing in the Bahamas 
frequently have complex social, socio-sexual, and agonistic interspecies interactions (Herzing & 
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Johnson, 1997; Herzing, Moewe, & Brunnick, 2003; Melillo, Dudzinski, & Cornick, 2009).  
Long-term studies report approximately 13% to 17% of encounters with these dolphins are 
mixed-species encounters.  Mating, sexual play, and aggressive behaviors between species are 
observed in a large portion of these mixed-species groups, but interspecies travel, foraging, and 
mother/calf groups are occasionally observed as well (Herzing & Johnson, 1997; Herzing et al., 
2003; Melillo et al., 2009).  As in many other species of dolphins, whistles play an important, if 
not fully understood, function in the communication and social lives of these animals. 
Dolphin Vocal Sounds 
Acoustic signals produced by dolphins can be broadly classified into two categories: 
narrow band tonal whistles and broadband sounds (Au & Hastings, 2008; Herman & Tavolga, 
1980).  Broadband sounds can be further divided into echolocation clicks used mainly for 
foraging and navigation (Madsen, Kerr, & Payne, 2004), and burst pulse sounds which are 
thought to be used in social contexts (Au & Hastings, 2008; Herman & Tavolga, 1980).  Most 
research on vocal communication in odontocetes (toothed whales) has centered on whistles (Au 
& Hastings, 2008).  However, pulsed sounds may have a larger role in social communication 
than previously thought (Au & Hastings, 2008).  Some odontocetes, such as the sperm whale 
(Physeter catodon) and the harbor porpoise (Phocoena phocoena), do not whistle at all and in 
fact only use clicks to communicate (Clausen, Wahlberg, Beedholm, Deruiter, & Madsen, 2010; 
Schulz, Whitehead, Gero, & Rendell, 2011; Watkins & Schevill, 1977), therefore it is plausible 
that pulsed sounds may have an important function in communication in other cetacean species 
as well. 
Burst pulse sounds are often given descriptive names such as squawks, barks, bleats, 
blats, groans, and moans (Herman & Tavolga, 1980).  They differ from echolocation clicks in the 
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timing of their inter-click intervals (Lammers et al., 2003).  Many burst pulse sounds are 
predominantly ultrasonic – in spotted dolphins, for example, burst pulse mean peak and center 
frequencies are 40.3 and 44.4 kHz, respectively.  Approximately 80% of the energy in spotted 
dolphin burst pulse sounds is above 20 kHz, and 30.1% of the burst pulse sounds have no energy 
below 20 kHz, making these sounds inaudible to humans (Lammers et al., 2003).   
The most commonly described burst pulse sound is the squawk, often heard during 
agonistic, aggressive, and sexual play contexts (Au & Hastings, 2008).  Burst pulse sounds also 
include sounds with low frequency peak energy such as barks, which are observed during 
escalated agonistic contexts in spotted dolphins (Herzing, 1996).  Two other burst pulse sounds 
used by bottlenose dolphins in aggressive contexts are pops and thunks.  A ‘pop’ is a threat 
vocalization used by males consorting females.  Females often respond to pops by returning to or 
staying close to the male producing the pop (Connor & Smolker, 1996).  Pops consist of low 
frequency pulsed trains with peak energy between 0.3 and 3 kHz (Connor & Smolker, 1996).  
Thunks are aggressive burst-pulse vocalizations with peak energy between 273-350 Hz, 
produced predominantly by mothers or aunts to induce straying calves to return to their side 
(McCowan & Reiss, 1995a).  It is interesting to note that in both cases, these sounds appear to 
induce another individual to approach or to maintain proximity.  The use of low frequency burst-
pulse sounds in aggressive contexts and whistles during socializing is in keeping with aggressive 
signals used in other animals.  As Morton explains, “Simply stated, birds and mammals use 
harsh, relatively low-frequency sounds when hostile and higher frequency, more pure tonelike 
sounds when frightened, appeasing, or approaching in a friendly manner” (Morton, pg. 855, 
1977). 
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Some acoustic social signals combine whistles and burst pulse sounds.  A play-fight 
signal that comprises a short pulse burst followed by a frequency modulated whistle has been 
described in a group of captive dolphins; this signal is used by juveniles and sub-adults 
(Blomqvist, Mello, & Amundin, 2005).  Spotted dolphins produce excitement vocalizations – 
signature whistles combined with a burst pulse sound in the lower (0-8 kHz) frequency range 
(Herzing, 1996).  This signal is similar in structure to the whistle-squawk produced by very 
young bottlenose dolphins in emotional situations (Reiss, 1988).  Simultaneous whistle and 
burst-pulse sounds have been reported in Risso’s dolphins (Grampus griseus) as well, though the 
study did not state in what context these whistles were produced (Corkeron & Van Parijs, 2001). 
Whistles are pure tone or narrow-band signals that are often frequency modulated.  
Whistles in bottlenose dolphins usually fall between 5-15 kHz (Herman & Tavolga, 1980) 
excluding the harmonics, while spotted dolphin whistles, excluding the harmonics, usually fall in 
the 7-16 kHz range (Azevedo et al., 2010; Baron et al., 2008; Ding, Wursig, & Evans, 1995a; 
Lammers et al., 2003; Steiner, 1981) or higher, with whistle frequencies reaching 27.1 kHz 
(Lammers et al., 2003).   
Dolphin Hearing and Sound Detection 
One of the first audiograms for an odontocete was provided by Johnson (1967), who 
tested the hearing range of the bottlenose dolphin.  This audiogram  has become a standard to 
which other audiograms are compared (Nachtigall, Lemonds, & Roitblat, 2000).  Johnson (1967) 
reported that the bottlenose dolphin can detect frequencies ranging from 75 Hz to 150 kHz, with 
a peak sensitivity around 50 kHz.  Subsequent studies had similar findings; other studies reported 
that bottlenose dolphins could detect frequencies as low as 50 Hz (Finneran, Carder, & Ridgway, 
2002) or 100 Hz (Turl, 1993) with a peak sensitivity around 45 kHz (Popov et al., 2007).  
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Bottlenose dolphins in two studies were reported to detect the maximum frequencies tested of 
150 kHz (Houser & Finneran, 2006) and 152 kHz (Popov et al., 2007), with a good deal of 
individual variation.  The maximum frequencies these dolphins could detect depended largely on 
age and sex; bottlenose dolphins have been shown to display a progressive loss of high 
frequency hearing with age, with the onset of hearing loss occurring earlier in males than females 
(Houser & Finneran, 2006; Ridgway & Carder, 1997).  Houser and Finneran (2006) tested 42 
animals, and found that hearing loss generally occurred around 20 – 30 years of age, with many 
older dolphins’ hearing dropping to 100 kHz or lower (Houser & Finneran, 2006). 
Hearing range has not been tested for the spotted dolphin, but there is a published report 
for hearing range in a species of the same genus, the striped dolphin (Stenella coeruleoalba).  
The dolphin tested was able to detect frequencies between 0.5 and 160 kHz (Kastelein, 
Hagedoorn, Au, & de Haan, 2003).  As found in bottlenose dolphins, the audiogram for this 
dolphin was U-shaped, with a maximum sensitivity occurring at 64 kHz  (Kastelein et al., 2003).  
The range of most sensitive hearing was between 29 kHz and 123 kHz (Kastelein et al., 2003). 
 Dolphins actually have two acoustic windows, or sound receiving areas, on their heads 
that are sensitive to different frequency ranges.  The area by the auditory meatus has a peak 
sensitivity for receiving sounds between 16 – 22.5 kHz, while the lower jaw region has a peak 
sensitivity for frequencies of 32- 128 kHz (Popov, Supin, Klishin, Tarakanov, & Pletenko, 
2008).  It is proposed that the region near the meatus of the ear is better adapted to detecting 
lower frequency signals used for communication, such as whistles (Ketten, 1997), while the 
lower jaw is specialized for sound reception of ultrasonic signals, such as echolocation clicks 
(Brill, Sevenich, Sullivan, Sustman, & Witt, 1988; Ketten, 1997).  Bottlenose echolocation clicks 
span frequencies of 0.2 – 150 kHz with two peaks in energy (Wartzok & Ketten, 1999); clicks 
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have the most energy at around 40 kHz, with another peak above 100 kHz (Cranford et al., 2011; 
Madsen, Lammers, Wisniewska, & Beedholm, 2013).  Spotted dolphins also have bimodal peaks 
in echolocation signals, with a peak in energy between 40 – 50 kHz, and another peak at 110-130 
kHz (Au & Herzing, 2003). 
Analysis of Whistles and the Challenges in Studying Them 
In many past studies examining dolphin whistles, the recording equipment used did not 
cover the entire frequency range of the dolphins’ whistles, and maximum frequencies recorded 
fell below the maximum frequencies produced by the species being studied.  Fortunately for the 
validity of these studies, although bottlenose and spotted dolphin whistles can extend beyond the 
sonic range, few do (Azevedo et al., 2010; Hawkins, 2010; Lammers et al., 2003).  However, a 
further challenge exists for those studying whistles, and it lies in whistle harmonics.  Although 
the fundamental components of whistles fall within the sonic range, they often have harmonics 
that extend well beyond this range.  Acoustically, the dolphin’s umwelt may be quite different 
from a human’s.  For example, it has been suggested that a dolphin may sometimes hear a 
harmonic as the dominant frequency of a whistle, depending on to which frequencies that 
particular dolphin species is most sensitive (Lammers et al., 2003).  In addition, some signals fall 
somewhere in-between tonal and broadband sounds (Boisseau, 2005).  Out of the 220 spotted 
dolphin whistles analyzed by Lammers et al. (2003), approximately 41% of the whistles were 
‘amplitude modulated’ for at least part of the whistle, with pulse-like properties giving them a 
less pure-tone and a more ‘raspy’ or coarse quality.  Amplitude modulation in a signal degrades 
with distance, and thus the authors suggest amplitude modulated whistles may be used to convey 
information about a behavioral, emotive, or referential condition to nearby individuals (Lammers 
et al., 2003). 
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 One method applied to the studies of whistles is to categorize them into different contour 
types.  A contour is a pictorial representation of frequency over time (Caldwell, Caldwell, & 
Tyack, 1990; McCowan & Reiss, 1995c).  Categorizing whistles based on contour can pose 
challenges, as there is no consistent method for categorizing contours across studies, and many 
different categorization schemes have been published (reviewed in Au & Hastings, 2008 and 
Herman & Tavolga, 1980).  Different studies have come up with anywhere from 5 to 23 or more 
different contour categories (reviewed in Herman & Tavolga, 1980).  However, whistle contours 
may take on intermediate forms that fall somewhere between categories, and thus contour types 
might be better described as graded in nature rather than as discrete categories (Herman & 
Tavolga, 1980).  One commonly adopted scheme is to use six broad general categories of 
whistles: constant, upsweep (or rise), downsweep (or fall), concave, convex, and sinusoidal (also 
termed multiple, multi-looped, and sine), but even these basic six categories have conflicting 
definitions that vary from study to study (Au & Hastings, 2008).  Additionally, we do not know 
which components of the whistles are most biologically relevant to the dolphins themselves, and 
can only guess at which features might distinguish one whistle type from another.  Studies that 
categorize contours rely on categorization both by human judges (e.g. Janik, 2000; McCowan & 
Reiss, 1995a, 2001; Sayigh, Esch, Wells, & Janik, 2007; Sayigh et al., 1995) and by automated 
means (e.g. Buck & Tyack, 1993; Fripp et al., 2005; McCowan, 1995; McCowan & Reiss, 
1995a, 2001; Sayigh et al., 2007). 
Another method of quantitatively describing whistles is to take measurements of various 
acoustic parameters – these measurements have been used consistently across studies, and 
include starting frequency, ending frequency, minimum and maximum frequency, delta  
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frequency (the difference between minimum and maximum frequency in a whistle contour), 
duration, number of inflection points, and presence of harmonics.  Armed with these 
measurements, cetacean researchers have set out to record the acoustic parameters and 
characteristics of whistles used by a wide variety of odontocete species.  Some studies simply 
provide baseline data on whistle characteristics, while others go on to correlate whistle 
parameters and use with factors such as species, body length, phylogeny, environment, social 
context, and behavioral state. 
Comparisons of Whistle Acoustic Parameters Among Odontocete Species 
Whistle acoustic parameters have been described in several species of toothed whales.  A 
few patterns emerge when reviewing this literature.  One pattern is that similarities and 
differences in whistle acoustic parameters between species are due in part to phylogenetic 
relationships and body size (Ding et al., 1995a; May-Collado, Agnarsson, & Wartzok, 2007; 
Rendell, Matthews, Gill, Gordon, & Macdonald, 1999; Steiner, 1981).  Another pattern that 
emerges is that bottlenose dolphins, often found in mixed-species schools, tend to have 
parameters distinct from other species (Ding et al., 1995a; Oswald, Barlow, & Norris, 2003; 
Oswald, Rankin, Barlow, & Lammers, 2007; Rendell et al., 1999; Steiner, 1981).  And lastly, the 
whistle parameters of upwards of 14 odontocete species have been reported thus far, and of these 
species, studies consistently find that the two whistle parameters that have the highest 
intraspecific variability (measured as coefficient of variation) are duration and number of 
inflection points (Bazúa-Durán & Au, 2004; Ding et al., 1995a; Oswald et al., 2003; Rendel et 
al., 1999; Steiner, 1981).  
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Correlations Among Whistle Rate, Group Size, and Behavioral State in Dolphins 
Studies have found that whistle rates in dolphins tend to increase with excitement or 
stress (Caldwell & Caldwell, 1965; Esch, Sayigh, Blum, & Wells, 2009; Herman & Tavolga, 
1980; May-Collado, 2010) general behavioral state (Acevedo-Gutiérrez & Stienessen, 2004; 
Cook, Sayigh, Blum, & Wells, 2004; dos Santos et al., 2005; Hernandez, Solangi, & Kuczaj, 
2010; Jones & Sayigh, 2002), season (Hernandez et al., 2010; Jacobs et al., 1993), group size 
(Hawkins & Gartside, 2010; Jones & Sayigh, 2002; Quick & Janik, 2008) and group 
composition (Hawkins & Gartside, 2010).  Acoustic parameters change with activity level 
(Azevedo et al., 2010) and behavioral state (Hernandez et al., 2010). Contour use also varies with 
behavioral state – for example, dolphins in some populations use more rise contours when 
socializing (Díaz López, 2011; Hawkins & Gartside, 2010). 
Stereotyped Whistle Contours 
Included in the bottlenose dolphin’s whistle repertoire are whistles with stereotyped 
contours.  It is well documented that individual dolphins produce predominant whistles that are 
stereotyped and repeated (e.g. Caldwell & Caldwell, 1965; Caldwell et al., 1990; Cook et al., 
2004; Hawkins & Gartside, 2009; Herzing, 1996; Janik, 2000; Janik & Slater, 1998; McCowan 
& Reiss, 1995a, 2001; Sayigh, Tyack, Wells, & Scott, 1990; Sayigh et al., 1995; Smolker & 
Mann, 1993; Tyack, 2000; Watwood et al., 2004).  These contours remain stable over time; 
contours have been reported as remaining stable for up to at least 12 – 18 years (Caldwell et al., 
1990; dos Santos et al., 2005; Sayigh et al., 1990; Watwood, Owen, Tyack, & Wells, 2005).  
Though these whistles maintain a basic contour, there are many variations in this contour, such 
as change in frequency range, duration, number of inflection points, or number of times a 
particular structural component of the contour is repeated (Caldwell et al., 1990; Esch, Sayigh, & 
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Wells, 2009; Janik & Slater, 1998).  It has been suggested this added variation may be correlated 
with a change in behavioral context or emotional state of the animal (Janik, Todt, & Dehnhardt, 
1994; Watwood et al., 2005), and thus may convey important social information to conspecifics 
(Caldwell et al., 1990; Díaz López, 2011; Esch, Sayigh, Blum, et al., 2009; May-Collado & 
Wartzok, 2008; Morisaka et al., 2005b; Rendell et al., 1999).  Some stereotyped contours are 
shared within or across social groups, both in captivity (McCowan & Reiss, 1995b, 1995c, 2001) 
and in the wild (Hawkins, 2010). 
 Dolphins are vocal leaners, and it is not uncommon for them to mimic sounds in their 
environment (Reiss & McCowan, 1993), including mimicking or matching stereotyped whistle 
contours of a conspecific (Janik, 2000; Tyack, 1986).  Vocal learning also plays a role in the 
development of stereotyped contours; calves do not produce whistles with stereotyped contours 
at birth, but do develop them over their first year of life (Caldwell et al., 1990; McCowan & 
Reiss, 1995c). 
Dolphins may also modify whistle parameters or contours to match those of others in 
their social group.  McCowan, Reiss, and Gubbins (1998) compared the acoustic parameters of 
rise type whistles, the predominant whistle in two different captive social groups of adult female 
dolphins, and found that social group may have a strong influence on acoustic structure of this 
stereotyped whistle contour (McCowan, Reiss, & Gubbins, 1998).  The best predictor of social 
group membership was the start frequency of this whistle (McCowan et al., 1998).  Smolker and 
Pepper (1999) also found whistle convergence when they compared the whistle repertoires of 
three male dolphins in Shark Bay, Australia.  At the beginning of this period, these three males 
formed an alliance.  They initially shared a few whistle types, but over 4 years, each male’s 
repertoire became less varied, and more similar to that of the other two males’.  The three 
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repertoires lost individual distinctiveness, and by end of the study, they had all converged on one 
whistle type that was shared, and that had rarely been produced before the alliance (Smolker & 
Pepper, 1999).  Allied males in a wild population of bottlenose in Sarasota, Florida also produce 
whistles more similar to each other than to other, non-alliance-partner males.  This observation 
was found among males in nine separate alliances, and suggests males may modify their whistles 
with changing social relationships (Watwood et al., 2004). 
Contact Calls and Signature Whistles 
Contact calls are used by many species (e.g. Braune, Schmidt, & Zimmermann, 2005; 
Park & Dooling, 1985; Pfalzer & Kusch, 2003; Snowdon & Cleveland, 1980).  The contact call 
used by bottlenose dolphins appears to be a whistle with a stereotyped contour.  The nature of 
this call has been the focus of many studies and continued debate.  This whistle has been termed 
a ‘signature whistle’ by Caldwell and Caldwell in 1965 and described as the predominant whistle 
produced by individuals, stereotyped in certain acoustic features but also individually distinctive 
(Caldwell et al., 1990). They claim that signature whistles are different from contact calls as used 
by other mammalian and avian species because these calls have distinctly different contours 
(Caldwell et al., 1990; Tyack, 2000).  However, McCowan and Reiss (1995a, 2001) found no 
evidence of unique signature whistle contours in three separate populations of captive dolphins.  
They reported that the predominant calls used by dolphins in social interactions and when 
isolated was a rise type call that showed individual distinctiveness similar to that seen in other 
species, and suggested that there may be less variability in these calls types than previously 
described (McCowan & Reiss, 1995a, 2001).  Why these results differ is unclear, though several 
reasons have been postulated (Cook et al., 2004; Fripp, 2005; Harley, 2008; McCowan & Reiss, 
1995b, 2001; McCowan, 2006; Sayigh et al., 2007; Watwood et al., 2005, 2004). 
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These stereotyped predominant calls are often considered to be contact or cohesion calls 
and comprise the majority of the whistle repertoire reported in captive dolphins (Caldwell et al., 
1990; Janik & Slater, 1998; McCowan & Reiss, 1995b, 2001) as well as wild dolphins.  In 
Sarasota, signature whistles were reported to account for 39 - 52% of the whistles produced by 
free-swimming wild bottlenose dolphins (Cook et al., 2004; Watwood et al., 2005), while in 
Australian bottlenose, signature whistles accounted for approximately 38% of the whistles used 
(Hawkins & Gartside, 2009). 
Several studies describe the use of contact calls by dolphins when isolated from members 
of their social group.  Janik and Slater (1998) reported dolphins produced primarily signature 
whistles in voluntary isolation and used almost entirely non-signature whistles when all four 
dolphins were in the same pool.  A study by Smolker and Mann (1993) on separations and 
reunions between mothers and calves in a population of wild bottlenose dolphins in Australia 
reported that calves produced stereotyped whistles when separated from their mothers, rarely 
whistled when they were with their mothers, and usually stopped whistling once reunited with 
their mothers.  These stereotyped whistles were produced more towards the later stages of the 
separation, and started before the infant began its return to its mother.  Mothers rarely whistled 
during these separations.  The authors suggest, based on this and on anecdotal evidence from 
observations of adults, that these whistles may function to induce cooperative responses from the 
mother such as approaching or waiting for her calf to join up with her (Smolker & Mann, 1993).  
Bottlenose dolphin alliance partners in the Sarasota, Florida population may also use these 
predominant whistles as contact calls.  Allied male bottlenose in Sarasota produced significantly 
more signature whistles when voluntarily separated from their alliance partners than when with 
groups comprised of their partner, females, and calves (Watwood et al., 2004), and two allied 
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males swimming together were the least likely to produce any whistles at all (Watwood et al., 
2005). 
Before discussing further findings on the use of contact calls, the term ‘loop’ should be 
addressed.  Some studies consider a sequence of repeated whistles separated by intervals of 
silence as a whistle sequence composed of individual whistles, and refer to a repeated continuous 
sequence of the same whistle without intervals as a looped sequence (e.g. McCowan & Reiss, 
2001; Smolker & Pepper, 1999).  Other studies refer to both repeated whistles with intervals 
between these whistles or repeated whistles without breaks or intervals as ‘loops’ and consider 
all loops to be part of the same whistle (Caldwell et al., 1990; Esch, Sayigh, & Wells, 2009; 
Janik & Slater, 1998).  The studies that consider multiloop whistles as one unit reason that loops 
are separated by highly stereotypical time intervals, and thus the stereotyped intervals of silence 
and the number of loops may be a characteristic of the whistle (Caldwell et al., 1990; Esch, 
Sayigh, & Wells, 2009; Janik & Slater, 1998).  The first and last, or ‘introductory’ and ‘terminal’ 
loops of these ‘multi-looped’ whistles may differ from central loops (Caldwell et al., 1990; Esch, 
Sayigh, & Wells, 2009; Sayigh et al., 1990).  As with many other attempts in this field to 
quantify parameters of whistles, there does not yet seem to be a standard accepted length of time 
used to distinguish between two distinct whistles and two loops in a multi-looped whistle.  For 
example, three different studies define one whistle as a continuous contour with breaks of up to 
0.2 s (Bazúa-Durán & Au, 2002), 0.25 s (Sayigh et al., 2007), or even 0.5 s (Janik & Slater, 
1998), although a recent paper that has reported that mean interloop interval length is 0.1 s, while 
mean inter-whistle interval is 17.1 s (Esch, Sayigh, & Wells, 2009) may help standardize this 
definition.  The findings reported by Caldwell et al. and following research on a wild population 
of dolphins in Sarasota, Florida, consider multiple loops to be part of the same whistle. 
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Caldwell et al. (1990) found that while signature whistle contours remained stereotyped, 
dolphins would vary some aspects of these contours.  They postulated that the individually 
distinctive attributes of these contours may be to convey the identity of the whistler, while the 
variable features of the whistle may convey other information, such as emotional state (Caldwell 
et al., 1990).  One of the variations that they reported was the number of repetitive loops in a 
whistle.  Introductory and terminal loops sometimes have variations in them, and some loops are 
only partial repeats.  In context of stress, signature whistles may quaver, have breaks, or have 
sections with less frequency modulation than normal.  Adults produce significantly fewer 
signature whistles than younger animals (Caldwell et al., 1990).  They found that infants tend to 
use only one loop, while adults usually produce multi-loop whistles, and that frequency 
modulation of signature whistles increases significantly with age (Caldwell et al., 1990). 
Signature whistle use has been extensively studied in a population of wild dolphins in 
Sarasota, Florida.  These dolphins are the subjects of a long-term field study.  As part of this 
study, they are briefly captured once or twice a year.  During their capture, they are weighed, 
measured, a blood sample is drawn, and their vocalizations are recorded (Sayigh et al., 1990).  
Their signature whistle is determined from this capture, and is defined as the common whistle 
produced by the dolphin while it is temporarily restrained and isolated (Watwood et al., 2005).  
This whistle typically comprises 80-90% of the whistles emitted during a capture-release 
recording session (Sayigh et al., 1990), and a catalogue of signature whistles for most of the 
dolphins in this population has been established.  In one study temporarily restrained dolphins 
were played recordings of signature whistles of related and non-related conspecifics.  Dolphins 
gave a significantly stronger response (measured as turning the head towards the speaker 
significantly more) for playbacks of signature whistles of kin than non-kin, indicating they 
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recognize individuals based on signature whistles (Sayigh et al., 1999).  Although this study 
showed that dolphins could recognize individuals, the question still remained, was this based on 
the contour or other acoustic parameters that constitute the timbre of vocal quality of the emitter?  
To answer this question, the playback experiment was repeated with synthetic whistles which 
only presented the fundamental contour.  The dolphins again tended to turn more towards the 
speaker when they heard contours extracted from the whistles of kin over non-kin, demonstrating 
that dolphins could recognize identity information from signature whistles even with other vocal 
features removed (Janik, Sayigh, & Wells, 2006).   
When comparing the signature whistles of calves with other dolphins in this population, it 
was found that calf whistles that were different from the mother’s were most like other dolphins 
in their community with whom they had few social interactions (Fripp et al., 2005).  Fripp et al. 
(2005) drew a parallel to young zebra finches that prefer less frequently heard models when 
developing their own songs (Tchernichovski, Lints, Mitra, & Nottebohm, 1999 as cited in Fripp 
et al., 2005).  Sex-differences in whistle repertoires were found in this population, with male 
calves and adults having larger whistle repertoires than females of the same age (Sayigh et al., 
1990; Watwood et al., 2004).    
Vocalizations in Bahamas Spotted and Bottlenose Dolphins 
Herzing (1996) reports the use of signature whistles in spotted dolphins, which she 
defines as a predominant and unique repetitive whistle that was consistently observed in an 
individual dolphin.  Some signature whistles were consistent for up to at least 10 years.  These 
whistles were produced in several contexts: mothers produced their own signature whistle after a 
calf departed, upon which the calf would rejoin its mother.  Older dolphins providing 
alloparental care produced their own signature whistles before retrieving younger dolphins (tail-
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slapping on the surface was also sometimes involved in retrieving youngsters), and males and 
females repeatedly broadcasted their own signature whistles during courtship and mating 
activities (Herzing, 1996).  Solitary dolphins, after separation from a group, would position 
themselves at or near the ocean floor and broadcast their signature whistle for a few minutes 
(Herzing, 2000).   
Excitement vocalizations – signature whistles combined with a burst pulse sound – were 
produced during periods of excitement or distress, often by calves under 3 years of age.  Older 
dolphins were observed to calm excited calves producing these vocalizations by brushing the 
flank of the calf with a pectoral fin.  Squawks were observed in both spotted and bottlenose 
dolphins in agonistic, aggressive, and sexual play contexts during both inter and intraspecific 
interactions.  Barks, defined as low-frequency burst-pulse vocalizations, were observed during 
escalated agonistic aggressive contexts in groups of 10 or more male spotted dolphins and during 
escalated agonistic aggressive contexts between male spotted and male bottlenose.  Synchronized 
squawks were produced by male spotted dolphins during highly escalated aggressive situations 
(Herzing, 2015).  These males were also coordinated in their swimming behavior (Herzing, 
1996). 
 Whistles were often recorded from spotted dolphins between aggressive bouts of 
behavior or from dolphins that were exchanging pectoral rubbing behaviors (Dudzinski, 1998).  
Whines were recorded during aggressive contact behaviors and also from juveniles and calves 
during play (Dudzinski, 1998).  Dudzinski (1998) reported two behaviors that may potentially 
serve as greetings – one dolphin would approach another dolphin while swimming slowly, and 
when within 2 m of contact, would produce a click train while making head-scanning 
movements towards the other dolphin.  It would next produce a chirp when it was about 1 m 
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distant, and then abruptly turn and swim in another direction.  This behavior was observed in 
both juveniles and adults.  Alternatively, it would approach and swim parallel to the other 
dolphin, and begin rubbing pectoral fins with the other dolphin.   
Aims and Goals 
This present study will report on the whistle characteristics in populations of Atlantic 
spotted dolphins (Stenella frontalis) and Atlantic bottlenose dolphins (Tursiops truncatus) 
endemic to the Bahamas.  This study will further exam biphonation and contextual use of whistle 
acoustic parameters and contours in Atlantic spotted dolphins.  The specific aims of this study 
are threefold:  1. To quantify and compare whistle characteristics (acoustic parameters and 
contour use) among sympatric species of spotted and bottlenose dolphins in the Bahamas, 
between two allopatric populations of spotted dolphins in the Bahamas, and between populations 
of bottlenose dolphins in the Bahamas and those in other parts of the world.  2. To examine how 
spotted dolphin whistle characteristics vary with group composition and behavioral state.  3. To 
examine the prevalence and use of biphonation in spotted dolphin whistles. 
Method 
Study Populations and Study Sites 
Acoustic recordings were made from two sympatric species of Atlantic spotted dolphins 
(S. frontalis) and Atlantic bottlenose dolphins (T. truncatus) that inhabit the waters in White 
Sand Ridge (WSR), a shallow sandbar approximately 64.5 km north of Grand Bahama Island, 
Bahamas, and two sympatric populations of bottlenose and spotted dolphins that reside in the 
waters off the Bimini Islands in the Bahamas (Figure 1.2).  The water depth at WSR is 5-16 m 
and in Bimini is 3.5-12 m.  Visibility in these waters ranges from 6-30+ m, depending on the 
weather.  
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Figure 1.2.  White Sand Ridge and Bimini research sites.  
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The WSR spotted dolphin population is estimated to contain approximately 200 
individuals (Miles & Herzing, 2003) with an overall sex ratio close to 1:1 (Herzing, 1997).  The 
bottlenose dolphin population in White Sand Ridge may consist of residents and non-residents.  
The resident population is estimated to be at least 30 individuals, and at least 132 dolphins 
(including the 30 residents) have been resighted in this area (Rogers et al., 2004).  The Bimini 
spotted dolphin population is estimated to consist of approximately 120 animals with a 2:1 
female to male sex ratio (Melillo-Sweeting, Turnbull, & Guttridge, 2014), while the size of the 
bottlenose population is estimated to be upwards of 70 identified individuals, with photo-
identification efforts still underway (Dolphin Communication Project, unpublished data, 2006 - 
2011).  These four populations are the subjects of several long-term field studies, and thus the 
social structure, association patterns and life histories of both Bahamian spotted and bottlenose 
dolphins are well documented (as described in the introduction).  The two species frequently 
interact, share many similarities in social structure, and indeed often have complex affiliative, 
socio-sexual, and aggressive interactions with each other (Herzing & Johnson, 1997; Herzing et 
al., 2003; Melillo et al., 2009). 
While most cetacean field researchers are limited to surface observations of dolphins, 
these endemic Bahamian populations offer a unique research opportunity to obtain detailed 
underwater observations of behaviors that are not clearly visible from the water’s surface 
because these dolphins frequently remain in close proximity to snorkelers for extended time 
periods.  Many of the animals have become acclimated to boats and the presence of humans in 
the water through commercial swim-with-dolphin programs, ecotourism expeditions, and long-
term behavioral and population field studies around Grand Bahama Island (Dudzinski, 1998; 
Herzing, 2015; Kaplan & Connor, 2007) and Bimini (Melillo et al., 2009) so these populations 
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offered the opportunity to collect underwater recordings of whistle production from close 
proximity to individuals and social groups during interactions. 
Although both species of dolphins have been studied for over 14 years in Bimini (Melillo 
et al., 2009) and over 30 years in WSR (Herzing, 2015; Kaplan & Connor, 2007) the bottlenose 
dolphins at both sites tend to spend less time in the vicinity of human swimmers and boats.  
Because the spotted dolphins are encountered more frequently and for longer periods of time 
than the bottlenose, more data have been collected on the former.  
In addition to the dolphins’ habituation to swimmers and boats, they reside in waters with 
excellent visibility that on many days extends over 30 meters, depending on weather.  These 
populations also provide the ideal opportunity to observe how dolphins use their vocalizations 
during small group interactions, because while both species have a fission-fusion social structure 
in which individuals associate in groups that change frequently in size and composition (Connor, 
Wells, Mann, & Read, 2000), mean group size is small.  Mean group size for bottlenose dolphins 
is 4.58 ± 3.99 with a range of 1-25 (Rogers et al., 2004) , and for spotted dolphins, mean group 
size is 4.95  ±  4.14 with a range of 1-24 (Kaplan & Connor, 2007). 
Data Collection  
Data in Bimini were collected over 10 weeks during the summers of 2009, 2010, 2011, 
2012, and 2013.  The field site off Bimini, Bahamas was accessed using a 19.8 m live-aboard 
sailboat (the Pirate’s Lady and the Sea Explorer) and a 12.8 m Hatteras motor boat.  Boat 
surveys along the banks in Bimini were undertaken in the Hatteras 5 days per week for 5-6 hours 
per day, and from the sailboat, 3 to 5 days per week for 10 hours per day.  Data in WSR were 
collected over 3 weeks during the summers of 2009, 2010, and 2011.  The WSR field site was 
accessed using either a 19.8 m live-aboard sailboat (the Pirate’s Lady) or a 25.9 m research yacht 
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(the Dolphin Dream).  These vessels were anchored or traveling on site for 1-week periods.  
Eleven hours of observation effort were put in each day at the WSR site.  
When dolphins were observed in the vicinity of a moving vessel, the vessel speed was 
reduced and engines were put in neutral before the researcher (JDK) and student research 
assistant(s) entered the water.  When using an anchored vessel as a research platform, a 
researcher and student research assistant(s) entered the water when dolphins were observed 
approaching the vessel.  In either case, if the dolphins remained in the vicinity the researcher and 
assistant(s) began collecting data. 
Concurrent video and acoustic recordings were captured with an HD/Mini-DV Canon 
HV30 video camera encased in a custom designed and built underwater housing (The Sexton 
Company LLC) with SQ26 hydrophone input (Cetacean Research Technology) and either an M-
Audio Micro Track II or a TASCAM DR-05 recording system.  During some trips, additional 
simultaneous acoustic recordings were collected with a second SQ26 hydrophone and M-Audio 
Micro Track II recording system by a second researcher onboard the research vessel.  This 
second hydrophone was suspended over the side of the vessel and lowered to a depth of ~ 1.8 m.  
The M-Audio Micro Track II and TASCAM DR-05 settings were: sampling rate of 96 kHz, 
WAV encoder, 24 bits.  The frequency range of the SQ26 hydrophone was 0.020 to 50 kHz.  
Research assistants recorded supplemental video and took photographs of dorsal fins, scars, and 
spotting patterns of the dolphins which were later compared to photo identification (ID) 
catalogues in order to age, sex, and identify individual dolphins. 
Data were collected using underwater focal follows (Altmann, 1974) and continuous 
recordings as described in Kaplan and Connor (2007).  The first focal follow of the week was the 
animal closest to the researcher upon the videographer’s entrance into the water.  The second 
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focal animal was the next animal closest to the researcher, and so on.  If a group comprised both 
animals that had already been focal animals that week and animals that had not been focal 
animals that week, priority was given to an animal that had not been a focal follow subject.  If all 
animals in a group had been the subjects of a focal follow during a particular week, priority was 
given to the animal that had been the focal subject for the least amount of time.  Focal follows 
were approximately four minutes in length, unless the dolphin or dolphins left the vicinity of the 
videographer for more than 30 seconds, in which case another focal animal was chosen.   
Encounters were defined as in-water observations lasting at least one minute during 
which time at least one dolphin was within visual range of the researcher, or if data were 
collected from on-board the vessel, if dolphins were visible from the surface within 30 m of the 
boat and remained within a 30 m vicinity for at least 1 minute.  If more than one encounter 
occurred on the same day, the encounters were considered distinct if at least one hour lapsed 
between sightings of this group of dolphins (including both surface and underwater sightings), or 
if all or most of the dolphins present in the new encounter were not present in the previous 
encounter. 
For each encounter, start and end time, species, group size, and group composition were 
recorded.  Changes in group size, group composition, and behavioral state were also noted.  
Behavioral states, described in Table 1, were determined from both field notes and later review 
of video.  Dolphins were considered to be in the same group if they were within 30 m of the 
focal animal or animals.  Group composition included the number, ages, and when known, 
identities and sexes of the dolphins present, as well as any known genetic relationships.  Sex was 
determined by observation of the genital slit, observation of a penis, observation of a nursing 
calf, or observation of the repeated presence of a dependent calf.  Bottlenose dolphins were 
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classified as calves or adults based on body length.  Spotted dolphins were classified into one of 
five age categories based on degree of spotting.  When data was available to do so, age and sex 
were confirmed by comparison with the ID catalogue.  If possible, dolphins were individually 
identified (ID’d) based on scars and nicks in their flukes, dorsal fins, and pectoral fins, and in the 
case of spotted dolphins, individual spotting patterns.   
Data Analysis of Acoustic Parameters and Whistle Contours 
Raven Pro 1.5 TM acoustic analysis software (Cornell Laboratory of Ornithology, New 
York) was used to measure acoustic parameters of whistles and create spectrograms that could be 
visually categorized, with a fast Fourier transform (FFT) size of 1024 points, an overlap of 50%, 
and using an 890 sample Han window.   
Whistles were used for analysis if they had a good signal-to-noise ratio, the spectral 
contours were clearly visible, and the start, end, minimum, and maximum frequencies were 
clearly distinguishable and measurable in a spectrogram.  If whistles overlapped temporally, they 
were only included in the analysis if no more than two whistles were overlapping and each of the 
two whistles was clearly distinct.  Whistles from mixed-species groups were excluded from 
analysis unless the individual whistler could be identified and the species of the whistler could be 
confirmed.  
When possible, whistles were assigned to individuals based on bubble emission and/or 
proximity.  If the beginning of a whistle was concurrent with the emission of bubbles from a 
dolphin’s blowhole, it was assumed that the whistle was emitted from that dolphin (Fripp, 2005; 
Herzing, 1996; McCowan & Reiss, 1995b).  A whistle was also assigned to an individual dolphin 
if there was only one dolphin in close vicinity to the hydrophone and the whistle was loud 
enough to indicate that the whistler was in close proximity.   
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Table 1.1 
Behavioral States 
 
         
Behavioral State Description 
Travel Dolphin(s) moving in one direction at a moderate to fast speed for an 
extended period of time. 
 
Foraging Dolphins chase fish at the surface, chase and then consume fish swimming 
in the water column, or scan and echolocate the ocean floor, and/or push 
their rostrums into the sand in an attempt to consume a fish buried in the 
substrate. 
 
People-Oriented Dolphins repeatedly circle people in close proximity (approximately two 
dolphin body lengths away).  Circling is often accompanied by whistling.  
Dolphins dive down with people, while monitoring the position of the 
human that is diving down in close proximity to the dolphins. 
 
Parental/ 
Alloparental 
Mother/calf or alloparental/calf interactions, including nursing, and/or 
observation of an older, supervising dolphin interacting with and tending 
younger dolphins (Herzing, 1996).   
 
Affiliative-Social Dolphins swim slowly, engaging in affiliative physical contact using their 
bodies, pectoral fins, and/or flukes, including engaging in behaviors such as 
petting and contact swimming. 
 
Escalated-Social Affiliative behaviors are combined with fast swimming and chasing.  
Occasional nipping, tail slapping and squawking may be observed.  
Behaviors that are considered aggressive, such as raking, tail-slapping, and 
squawking, are combined with contact swimming and synchronized 
surfacing with the same individuals towards which the aggressive behaviors 
are displayed.   
 
Socio-Sexual Affiliative behaviors are combined with genital buzzing and penis extrusion.  
Intromission and squawking might also be observed.   
 
Aggressive An ‘aggressive’ state comprises rapid movements and one or more of the 
following behaviors: tail slaps, jaw claps, squawks, bubble bursts, and 
raking.  An ‘aggressive’ state is distinguished from social or socio-sexual 
states in that there are little or no instances of slow swimming or affiliative 
tactile behaviors.   
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Seven acoustic parameters were measured: minimum frequency, maximum frequency, 
start frequency, end frequency, duration, delta frequency and number of inflection points.  These 
seven parameters were chosen to be consistent with previous studies of spotted dolphins 
(Azevedo et al., 2010; Baron et al., 2008; Ding et al., 1995a; Steiner, 1981), bottlenose dolphins 
(Azevedo et al., 2007; Baron et al., 2008; Díaz López, 2011; Ding et al., 1995b; dos Santos et al., 
2005; Hawkins, 2010; May-Collado & Wartzok, 2008; May-Collado, 2010; Morisaka et al., 
2005b; Oswald et al., 2003; Steiner, 1981), and with studies comparing whistle parameters 
among several species of delphinids or populations of delphinids (Ansmann, Goold, Evans, 
Simmonds, & Keith, 2007; Baron et al., 2008; Bazúa-Durán & Au, 2004; Ding et al., 1995a; 
Oswald et al., 2003; Rendell et al., 1999; Steiner, 1981).  An inflection point was defined as a 
point in the whistle contour where the contour changes from ascending to descending, or vice 
versa (Ansmann et al., 2007; Azevedo et al., 2010; Hawkins, 2010; Morisaka et al., 2005b; 
Oswald et al., 2003).  An inflection point was operationally defined in this present study as a 
change in ascending or descending frequency > 1000 Hz.  Although inflections points with 
smaller changes in frequency may contain information relevant to dolphins, for the purposes of 
this analysis, this inflection point criteria was used to differentiate the categories ‘constant’ and 
‘sine.’  Measurements were made on the fundamental frequency of whistle contours.  Multi-
looped whistles, whether continuous or with breaks of 100 ms or less, were considered one 
whistle for the purposes of measuring parameters. 
Whistles were grouped into one of the six basic whistle contours as a basis for later 
comparison with whistles described in other studies.  These six categories were chosen to be 
consistent with categorization systems commonly used in other studies (Ansmann et al., 2007; 
Azevedo et al., 2010, 2007; Bazúa-Durán & Au, 2002; Bazúa-Durán, 2004; Hawkins & Gartside, 
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2010; Hawkins, 2010; May-Collado, 2010).  Definitions, based on those of Bazúa-Durán and Au 
(2002), are as follows: constant - contour in which the frequency changes 1000 Hz or less during 
the duration of the whistle, rise - contour is mainly ascending; if there are any descending 
portions of this contour, the descending portion must comprise less than half the frequency span 
of the whistle, fall - contour is mainly descending; if there are any ascending portions of this 
contour, the ascending portion must comprise less than half the frequency span of the whistle, 
convex - contour is mainly ascending then mainly descending with one inflection point, and the 
ascending and descending parts comprise more than half the frequency span of the whistle, 
concave - contour is mainly descending then mainly ascending with one inflection point, and the 
ascending and descending parts comprise more than half the frequency span of the whistle, and 
sine - contour has at least two inflection points and each of at least three of the ascending and 
descending parts of this contour extend more than half the frequency span of the whistle.  
Whistles were parsed into one of these 6 basic contours based on frequency measurements and 
visual inspection of spectrograms. Examples of these six contour categories can be found in 
Figure 1.3. 
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Figure 1.3.  Examples of the 6 contours in S. frontalis (A-F) and T. truncates (G-L):  A) Constant, B) Rise, C) Fall, D) Convex, E) 
Concave, F) Sine, G) Constant, H) Rise, I) Fall, J) Convex, K) Concave, L) Sine.    
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Chapter 2: Whistle Characteristics of Sympatric Populations of Bottlenose Dolphins 
(Tursiops truncatus) and Spotted Dolphins (Stenella frontalis) and Allopatric Populations of 
Spotted Dolphins in the Bahamas 
Introduction 
Dolphins have complex social structures and live in fission-fusion societies with social 
groups that frequently change in size and composition.  Whistles are thought to play a key role in 
communication, group coordination, and cohesion.  A description of the whistle characteristics 
used by a population provides important baseline data on how specific populations and sympatric 
species use and vary their whistle repertoires.  Several studies have reported on the acoustic 
parameters and whistle contours (changes in frequency over time) used by a number of free-
ranging odontocete species, and when possible, have compared these acoustic characteristics 
across species; similarities and differences in whistle parameters have been found to correlate 
with ecological and phylogenetic factors.  The parameters measured for each whistle in these 
studies comprise some or all of the following: minimum frequency, maximum frequency, start 
frequency, end frequency, delta frequency, duration, and number of inflection points. 
Ding, Wursig, and Evans (1995a) compared the whistles of seven odontocete species 
(dusky dolphin, Lagenorhynchus obscurus; Hawaiian spinner dolphin, Stenella longirostris; 
Amazon river dolphin, Inia geoffrensis; bottlenose dolphin, Tursiops truncatus; Atlantic spotted 
dolphin, Stenella frontalis; Pantropical spotted dolphin, Stenella attenuata; tucuxi dolphin, 
Sotalia fluviatilis), and found that species that were more closely related taxonomically had 
whistle parameters that were most similar.  The whistles of I. geoffrensis were the most 
dissimilar to other species’ whistles, followed by the whistles of T. truncatus.  The authors 
concluded that whistle parameter differences among species may be related to a combination of 
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factors including habitat, body length, and taxonomic relatedness, and pointed out that species-
specific whistle characteristics may be important in sympatric species that would need to 
distinguish between inter- and intraspecies whistles (Ding et al., 1995a).  Rendell, Matthews, 
Gill, Gordon, and Macdonald (1999) examined acoustic parameters of tonal calls from five 
odontocete species (false killer whale, Pseudorca crassidens; Risso's dolphin, Grampus griseus; 
short-finned pilot whale, Globicephala macrorhynchus; long-finned pilot whale, Globicephala 
melas; white-beaked dolphin, Lagenorhynchus albirostris).  They found that although taxonomy 
could explain the differences between species to some degree, the two pilot whale species were 
more distinct from each other than from the false killer whale.  The authors suggest that these 
divergent whistle characteristics may be due to selection pressure to maintain species separation 
(Rendell et al., 1999).  Steiner (1981) compared whistles from five different species and found 
that of the five (long-finned pilot whale, Globicephala melaena; bottlenose dolphin, Tursiops 
truncatus; Atlantic white-sided dolphin, Lagenorhynchus acutus; Atlantic spotted dolphin, 
Stenella fronatlis
1
; spinner dolphin, Stenella longirostris), the two more closely related species, 
S. fronatlis and S. longirostris, had the most similar whistles, while the most taxonomically 
distinct species in this group, G. melaena, had whistles that were the most distinct from the other 
whistles.  Like Ding et al. (1995a), Steiner found that T. truncatus also had whistles that were 
very distinct from the other species compared, and suggests that this may be important in a 
species that is often sympatric with other species – if whistles are significant for species-specific 
communication, then it may be important to have whistles that are easily distinguished from 
whistles of other species (Steiner, 1981).  Indeed, when Schultz and Corkeron compared 
                                                 
1 Steiner reports this species as Stenella plagiodon, but the nomenclature has since changed, and 
these dolphins are now identified as S. frontalis (Perrin et al., 1987). 
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sympatric species of bottlenose and Pacific humpback dolphins (Sousa chinensis), they found 
that whistle acoustic parameters were significantly different between species, with whistles of S. 
chinensis being of shorter duration and higher start, end, minimum, and maximum frequencies 
(Schultz & Corkeron, 1994).   
The high occurrence of bottlenose dolphins in mixed-species schools and the 
distinctiveness of the acoustic parameters of bottlenose dolphin whistles are further corroborated 
by Oswald and colleagues.  Marine mammal abundance surveys report the frequent occurrence 
of bottlenose in mixed-species schools (33 out of 67 bottlenose schools observed were mixed 
species schools) (Oswald, Rankin, & Barlow, 2008).  Oswald et al. (2003) found that of the nine 
species studied (spinner dolphins, S. longirostris; striped dolphins, S. coeruleoalba; pantropical 
spotted dolphins, S. attenuata; longbeaked common dolphins, Delphinus capensis; short-beaked 
common dolphins, Delphinus delphis; rough-toothed dolphins, Steno bredanensis; bottlenose 
dolphins, T. truncatus; short-finned pilot whales; Globicephala macrorhynchus; false killer 
whales, Pseudorca crassidens), false killer whales, pilot whales, and bottlenose dolphins had the 
most distinctive whistles.  When compared to other species’ whistles, bottlenose dolphin whistles 
were distinct in that they had longer durations, larger number of steps and more inflection points 
(Oswald et al., 2003), lower mean minimum frequencies, and higher mean maximum frequencies 
(Oswald et al., 2007). 
It is postulated that similarities and differences among different species in whistle 
acoustic parameters such as minimum and maximum frequencies may be due to not only 
phylogenetic relationships (Ding et al., 1995a; Rendell et al., 1999; Steiner, 1981) but also body 
size.  Ding et al. (1995a) found that body length also seemed to correlate with whistle frequency; 
species with longer body lengths had lower maximum whistle frequencies.  Matthews, Rendell, 
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Gordon, and Macdonald (1999) completed a meta-analysis of body length vs. frequency and 
found a negative correlation between body size and tonal call frequency in 26 odontocetes.  This 
linear relationship was not as apparent in mysticetes (Matthews, Rendell, Gordon, & Macdonald, 
1999).  However, May-Collado, Agnarsson, & Wartzok (2007) point out that although several 
studies have shown a negative correlation between body size and minimum and maximum 
frequency parameters, these studies did not take into account common ancestry.  When 
phylogenetic relationships are taken into account, the negative correlation with maximum 
frequency no longer exists.  The correlation with body size and minimum and central frequency 
still hold, but this correlation is not as strong as it would be if phylogenetic background was not 
taken into account (May-Collado et al., 2007). 
While interspecific differences in whistle acoustic parameters may be due to phylogenetic 
relationships and body size, intraspecies differences in whistles between populations may be due 
to different environmental conditions, social relationships, and behavioral differences.  Adjacent 
populations tend to have more similar whistles than populations that are more distant (Azevedo 
& Van Sluys, 2005; Ding et al., 1995b; May-Collado & Wartzok, 2008).  For example, the 
differences in whistle parameters between populations of bottlenose dolphins in five nonadjacent 
areas (Argentina, Australian, Japan, Mexico, and Texas, USA) were much larger than the 
differences among the three adjacent regions in Texas (Ding et al., 1995b).  Similarities among 
whistles in these three regions may be due in part to movement of individual dolphins between 
populations (Ding et al., 1995b).  Geographically separated populations of T. aduncus in 
Australia and T. truncatus in North America show dissimilarities in whistle characteristics 
(Baron et al., 2008; Hawkins, 2010), which the authors suggest may be due to due to geographic 
and/or social isolation, and different acoustic habitats.  Significant differences were found 
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between the parameters of whistles recorded from continental shelf and off-shore Atlantic 
spotted dolphins (Baron et al., 2008).  The authors suggest that intraspecific differences in 
spotted dolphin whistles may be due in part to genetic and social isolation, as the populations 
may be adjacent to each other but occupy different habitats (Baron et al., 2008). 
Differences among populations in acoustic parameters such as minimum frequency, 
maximum frequency, and frequency modulation relate to ambient noise across several studies.  
Morisaka, Shinohara, Nakahara, and Akamatsu (2005a) compared the whistles of three 
geographically separated bottlenose (T. aduncus) populations in Japan and showed that acoustic 
characteristics of whistles differed significantly among all three populations.  Dolphins residing 
in the habitat with the greatest amount of ambient noise produced whistles that were lower in 
frequency and had fewer frequency modulations.  The authors suggest these acoustic parameters 
have been selected to avoid masking of signals because lower-frequency sounds travel further 
distances, and frequency modulations could easily be masked by noise (Morisaka, Shinohara, 
Nakahara, & Akamatsu, 2005a).  Interestingly, in contrast to Morisaka et al. (1995a), other 
researchers found that in areas of higher noise, whistles have higher frequencies, longer 
durations, and greater numbers of inflection points.  A comparison of three populations of 
bottlenose dolphins in Texas found a significant relationship between frequencies used and 
background noise, with the dolphins residing in habitats with higher background noise using 
higher frequencies (Ding et al., 1995b).  Ansmann (2007) found that the mean values of the 
acoustic parameters of whistles varied significantly between two populations of common 
dolphins (Delphinus delphis) – one in the Celtic Sea and one in the English Channel.  Almost all 
frequency parameters measured were significantly higher in the English Channel population, a 
population whose habitat has a much greater amount of background noise due to shipping traffic.  
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This ship noise is mostly low-frequency noise, and the authors suggest the dolphins in this 
population may shift to higher frequency calls to avoid or reduce masking (Ansmann et al., 
2007).  Similarly, Rendell et al. (1999) found that the tonal calls recorded from populations of 
short-finned pilot whales (G. macrorhynchus) and long-finned pilot whales (G. melas) living in 
noisier conditions had significantly higher call pitch, longer durations and higher inflection rates.  
May-Collado and Wartok (2008) compared two bottlenose populations and found that the 
population living in a habitat that had more noise, especially at low frequencies, produced 
whistles with higher mean delta, maximum, and ending frequencies than did the dolphins living 
in the less noisy habitat.  As in other studies, the authors suggest these differences may be due to 
dolphins adapting their whistles to avoid masking due to ambient noise (May-Collado & 
Wartzok, 2008).  Dolphins also increased whistle duration, maximum frequency, and modulation 
when in the presence of multiple boats as opposed to a single boat, which may again, be 
accounted for by the dolphins temporarily shifting whistle parameters to avoid masking (May-
Collado & Wartzok, 2008). 
Studies consistently find that the two whistle parameters that have the highest 
intraspecific variability (measured as coefficient of variation) across all odontocete species 
examined so far are duration and number of inflection points (Bazúa-Durán & Au, 2004; Ding et 
al., 1995a, 1995b; May-Collado & Wartzok, 2008; Morisaka et al., 2005b; Oswald et al., 2003; 
Rendell et al., 1999; Steiner, 1981) which, researchers suggest, may mean that these parameters 
play an important role in dolphin communication and may aid in individual differentiation or 
identification (Bazúa-Durán & Au, 2004; Díaz López, 2011; Ding et al., 1995a, 1995b; May-
Collado & Wartzok, 2008; Morisaka et al., 2005b; Rendell et al., 1999; Steiner, 1981) and the 
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conveyance of other additional information (Ding et al., 1995a, 1995b) such as emotional state 
(Díaz López, 2011; May-Collado & Wartzok, 2008; Morisaka et al., 2005b; Rendell et al., 1999). 
In addition to quantifying and comparing acoustic parameters within specific populations 
of dolphins, many studies have quantified and compared the whistle contours used by different 
species. One commonly adopted scheme reported in several studies of wild dolphins uses six 
broad contours of whistles: constant, upsweep (or rise), downsweep (or fall), concave, convex, 
and sinusoidal (also termed multiple, multi-looped, and sine) (Azevedo et al., 2010; Bazúa-
Durán & Au, 2002, reviwed in Au & Hastings, 2008). The use of this categorization scheme, 
despite its oversimplification, has allowed for some very general comparisons across species, 
behavioral contexts and states, and populations. 
The current study provides the first description and comparison of the whistle parameters 
and contours (based on the six-contour coding scheme) in sympatric species of Atlantic spotted 
dolphins (S. frontalis) and Atlantic bottlenose dolphins (T. truncatus) endemic to the waters off 
the Bimini islands of the Bahamas.  This paper also reports the whistle parameters of Atlantic 
spotted dolphins (S. frontalis) endemic to the waters of White Sand Ridge in the Bahamas, and 
compares the acoustic parameters of whistles in bottlenose dolphins in Bimini waters to those 
published for several bottlenose dolphin populations in other parts of the world.  
Method 
Data Collection and Whistle Criteria 
Data in Bimini were collected over 10 weeks during the summers of 2009, 2010, 2011, 
2012, and 2013.   
Whistles were used for analysis if they had a good signal-to-noise ratio, the spectral 
contours were clearly visible, and the start, end, minimum, and maximum frequencies were 
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clearly distinguishable and measurable in a spectrogram.  The seven acoustic parameters 
measured were: minimum frequency, maximum frequency, start frequency, end frequency, 
duration, delta frequency and number of inflection points. Whistles were grouped into one of six 
basic whistle contour categories.  Whistles from mixed-species groups were excluded from 
analysis.   
Dolphins frequently produce whistles in bouts, with whistles of the same contour 
occurring repeatedly within a short time period (Janik, King, Sayigh, & Wells, 2013).  It is often 
not possible to identify the vocalizing dolphin during encounters, so in cases in which a sequence 
of the same or similar whistle contours were repeated in rapid succession in which the inter-
whistle interval was less than the duration of the individual whistles within the sequence, it was 
assumed that these whistles were produced by the same dolphin.  In an attempt to control for 
overrepresentation of the same whistle type from individuals, only one of the repeated whistles 
occurring within these sequences was included in the analysis of acoustic parameters. In these 
cases, the whistle used for analysis from these sequences was chosen pseudorandomly; for the 
first sequence recorded in an encounter, the first whistle in that sequence was used, for the next 
sequence, the last whistle of that sequence was used, for the third sequence, one of the middle 
whistles in the sequence was chosen, and for the fourth sequence, a whistle in a different middle 
position was chosen.  In the rare event that five or more sequences of the same whistle contour 
occurred in the same encounter, this pseudorandom order of selection was repeated. 
Statistical Analysis 
A MANOVA was run to determine whether the measured acoustic parameters of whistles 
(minimum frequency, maximum frequency, delta frequency, start frequency, end frequency, 
duration, and number of inflection points) differed between sympatric species of bottlenose 
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dolphins and spotted dolphins and between allopatric populations of spotted dolphins.  ANOVAs 
were then conducted to compare each mean whistle parameter between species and between the 
same species at the two sites.  A multivariate discriminant function analysis was performed to 
ascertain how well these parameters could predict whether whistles were produced by bottlenose 
dolphins or spotted dolphins. Predictor variables were number of inflection points, duration, and 
start, end, minimum, maximum, and delta frequency.  Because the bottlenose dolphin data were 
moderately positively skewed, all whistle parameters were first square root transformed to 
normalize the data before performing the MANOVA, ANOVAs, and discriminant function 
analysis when comparing species. Square root transformations also had the benefit of reducing 
the effect of outliers.  A MANOVA was run to determine whether the measured acoustic 
parameters of whistles differed between years in the Bimini population of spotted dolphins.  
ANOVAs were then conducted to compare each mean whistle parameter between years in this 
population.   
Results 
Survey Efforts 
A total of 1269 whistles were analyzed from 693 minutes of recordings of the Bimini 
spotted dolphin population.  These recordings were collected over 24 days and across 39 
different encounters during 2009-2013.  The group sizes ranged from 1 to more than 30 dolphins, 
and were comprised of a mixture of juveniles, adults, and calves.  A total of 198 Bimini 
bottlenose dolphin whistles were analyzed from 175 minutes of recording of the Bimini 
bottlenose population.  These recordings were collected over six encounters recorded on 6 
separate days in 2010, 2011, 2012, and 2013.  Group size ranged from 3 to 14 dolphins.  A total 
of 139 WSR spotted dolphin whistles were analyzed from 106 minutes of recordings.  These 
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recordings were collected over 7 days across 15 different encounters during 2010-2011.  The 
group sizes ranged from 1 to 9 dolphins, and were comprised of a mixture of juveniles, adults, 
and calves.  There were three encounters with WSR bottlenose dolphins across 2 days in 2011, 
but no whistles met the criteria for a good signal-to-noise ratio, so no WSR bottlenose whistles 
were used for analysis.  The acoustic parameters of whistles recorded from bottlenose and 
spotted dolphins are reported in Table 2.1.  
Comparison of Acoustic Parameters and Contours Between Sympatric Species in Bimini 
There was a significant difference in the acoustic parameters of whistles between the 
sympatric bottlenose and spotted dolphin species in Bimini (Pillai’s trace, V = 0.15, F(7, 1396) = 
35.45, p < .001, ηp
2
 = .15).  The whistle parameters of the Bimini spotted dolphins, the smaller of 
the two species, had higher mean frequencies; ANOVAs showed that the average start frequency 
(F(1, 1467) = 78.87, p < .001, η2 = .05), end frequency (F(1, 236.40) = 21.32, p < .001, η2 = .02), 
minimum frequency (F(1, 1467) = 157.34, p < .001, η2 = .10) and maximum frequency (F(1, 
222.03) = 7.49, p = .007, η2 = .01) of spotted dolphin whistles were significantly higher than 
those of Bimini bottlenose dolphins (Figure 2.1).  Spotted dolphin whistles also had significantly 
more inflection points (F(1, 1402) = 5.78, p = .016, η2 = .003).  Because the assumption of 
homogeneity of variance was violated for end frequencies and maximum frequencies, the Welch 
F-ratio is reported for these two ANOVAs.  On average, bottlenose dolphin whistles were shorter 
in duration and had a greater delta frequency.  The acoustic parameters that had the highest 
intraspecific variability (measured as coefficient of variation) were duration and number of 
inflection points.  Bottlenose dolphin whistle parameters had more variability than did spotted 
dolphins whistle parameters as shown in Figures 2.2 – 2.8. 
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Because many of the whistles recorded from the Bimini spotted dolphin population were 
recorded from groups comprised mostly or entirely of younger, smaller juveniles and calves, it is 
possible that the spotted dolphin frequency parameters were higher on average due to the small 
size and age of the younger dolphins rather than due to a species difference.  To accommodate 
for this possible confound, a second comparison was made between the species excluding all 
whistles recorded from spotted dolphin groups comprised mainly or entirely of younger animals 
(calves and juveniles).  Both the bottlenose and the spotted dolphin groups may have contained 
some younger animals, but the majority of the animals in these groups were adults.  This second 
comparison still showed a significant difference in the acoustic parameters of whistles between 
species (Pillai’s trace, V = 0.13, F(7, 921) = 19.52, p < .001, η2 = .13).  ANOVAs showed that 
the average minimum frequency (F(1, 927) = 75.07, p < .001, η2 = .08), start frequency (F(1, 
927) = 33.02, p < .001, η2 = .03), and end frequency (F(1, 251.39) = 5.96, p = .015, η2 = .01) of 
spotted dolphin whistles were still significantly higher than those of bottlenose dolphin whistles.  
However, there was no longer a significant difference between the maximum frequencies of 
whistles between the two species.  Because the assumption of homogeneity of variance was 
violated for end frequency, the Welch F-ratio is reported for this ANOVA. 
Although spotted dolphin whistles have, on average, higher maximum frequencies than 
bottlenose dolphin whistles do, a simple comparison of means does not represent the whole 
story.  Some of the whistles produced by bottlenose dolphins actually reached higher maximum 
frequencies than the spotted dolphin whistles did; the highest maximum frequency recorded for 
bottlenose dolphins was 41.55 kHz, while the highest maximum frequency recorded in spotted 
dolphins was 29.43 kHz.  The bottlenose dolphins also produced a larger percentage of whistles 
with frequencies reaching above 25 kHz than the spotted dolphins produced.  Only 2.4% (n = 31) 
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of spotted dolphin whistles analyzed were > 25 kHz, and none of the whistles recorded were ≥ 30 
kHz; 18.1% (n = 28) of bottlenose dolphins whistles had maximum frequencies of ≥ 25 kHz, and 
5.8% (n = 9) reached maximum frequencies above 30 kHz (see Figure 2.9). 
There were several whistles that were excluded from analysis due to poor signal-to-noise 
ratio.  Because higher frequencies attenuate more quickly, a disproportionate number of high 
frequency whistles could have been excluded from the initial analysis due to this criterion. 
Because the maximum frequencies in bottlenose dolphins in the first analysis were higher than 
those reported in other studies, a second analysis of bottlenose dolphins whistles was conducted 
with a larger second set of data that included whistles with a moderate signal-to-noise ratio in 
which most of the contour was still clearly visible.  This second analysis revealed a similarly 
large difference between species; 14.2% (n = 44) of all bottlenose dolphins whistles analyzed (n 
= 311) – including both whistles with good signal-to-noise ratio and moderate signal-to-noise 
ratio – had maximum frequencies of ≥25 kHz, and 5.2% (n = 16) of all bottlenose dolphins 
whistles analyzed reached maximum frequencies >30 kHz.  When combining all spotted 
dolphins whistles with a good signal-to-noise ratio and a subset of additional whistles with a 
moderate signal-to-noise ratio, of the 1595 whistles examined, only 2.0% (n = 32) reached 
frequencies >25 kHz, and no whistles were >30 kHz. 
A discriminant function analysis was conducted to test whether the acoustic parameters 
measured could predict if whistles were produced by bottlenose or spotted dolphins. Predictor 
variables were number of inflection points, duration, and start, end, minimum, maximum, and 
delta frequencies.  Results show that the discriminant function was significant with a Wilks 
Lambda of .854 (p < .001) and a canonical correlation of 0.382, and explains 15.05% of the 
variation between species.  Closer analysis of the structure matrix reveals that minimum 
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frequency (.781) was the strongest predictor, followed by start frequency (.540) and end 
frequency (.360).  Classification results show that 85.9% of the whistles were classified correctly 
as bottlenose or spotted dolphin whistles:  However, spotted dolphin whistles were classified 
with much better accuracy (96.5%) than were bottlenose dolphin whistles (19.2%). 
Whistle contour categories were also compared between species.  Both species produced 
more sine whistles than any other contours, followed by rise and convex whistles.  Of these three 
categories, bottlenose dolphins produced proportionally more rise and convex whistles than 
spotted dolphins did, and fewer sine whistles than spotted dolphins produced (see Fig. 2.10, 
Table 2.2). 
Visual and auditory inspection of the spectrograms indicated that some whistles contours 
showed ‘amplitude modulation’ for at least part of the whistle that had pulse-like properties. This 
has been previously reported as giving a whistle a less pure-tone and a more ‘raspy’ or coarse 
quality (Lammers et al., 2003). Of the spotted dolphin whistles, 23.6% of the Bimini spotted 
dolphin whistles were amplitude-modulated (n = 1271) and 3.0% of bottlenose dolphin whistles 
(n = 197) showed amplitude modulation. 
Comparison of Acoustic Parameters in Bimini Spotted Dolphins Across Years 
A comparison of the acoustic parameters of whistles in the Bimini spotted dolphin 
population across (n = 658), 2011 (n = 308), and 2012 (n = 220) shows a significant difference 
across years (Pillai’s trace, V = 0.12, F(12, 2358) = 12.42, p < .001, ηp
2
 = .06).  Due to small 
sample sizes, 2009 and 2013 were excluded from this comparison.  ANOVAs disclose that the 
average duration (F(2, 516.14) = 37.17, p < .001, η2 = .06), number of inflection points (F(2, 
1183) = 31.58, p < .001, η2 = .05), start frequency (F(2, 487.61) = 5.63, p = .004, η2 = .01), 
maximum frequency (F(2, 1243) = 49.23, p < .001, η2 = .07), and delta frequency (F(2, 1243) = 
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49.84, p < .001, η2 = .07) were significantly different across years. Because the assumption of 
homogeneity of variance was violated for start frequencies and duration, the Welch F-ratio is 
reported for these two ANOVAs. Games-Howell post hoc tests revealed that on average, 
maximum frequencies were significantly higher in 2010 than in 2011 (p < .001) and 2012 (p < 
.001). Delta frequencies were significantly larger in 2010 than in 2011 (p < .001) and 2012 (7 p < 
.001). Duration of whistles was significantly longer in 2010 than in 2011 (p < .001) and 2012 (p 
< .001).  Start frequencies were significantly lower in 2010 (p = .005) compared to 2011.  There 
were significantly more inflection points in 2010 compared to 2011 (p < .001) and 2012 (p < 
.001).  While the parameters reported in 2010 differed significantly from those in 2011 and 2012, 
there were no significant differences found when comparing parameters between 2011 and 2012 
(see Table 2.3). 
Comparison of Acoustic Parameters and Contours Between Allopatric Species of Spotted 
Dolphins 
A comparison of the whistles between the WSR and Bimini populations of spotted dolphins 
indicated a significant difference in the acoustic parameters of these whistles (Pillai’s trace, V = 
0.03, F(7, 1329) = 5.45, p < .001, ηp
2
 = .03).  (See Table 2.1, Figure 2.11.)  ANOVAs show that 
whistles produced by the Bimini spotted dolphin population have significantly lower average 
start frequencies (F(1, 1,408) = 5.34, p = .021, η2 = .004) and higher maximum frequencies (F(1, 
198.66) = 15.22, p < .001, η2 = .007) than those of WSR spotted dolphins.  Bimini spotted 
dolphin whistles also have significantly longer durations (F(1, 161.80) = 14.12, p < .001, η2 = 
.012), significantly bigger delta frequencies (F(1, 1408) = 9.84, p = .002, η2 = .003) and 
significantly more inflection points (F(1, 146.94) = 14.84, p < .001, η2 = .013) than WSR spotted 
dolphin whistles have.  Because the assumption of homogeneity of variance was violated for 
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maximum frequencies, duration, and number of inflection points, the Welch F-ratio is reported 
for these three ANOVAs. 
As in the Bimini spotted and bottlenose dolphins, the acoustic parameters that have the 
highest variability (measured as coefficient of variation) for the WSR spotted dolphins are 
duration and number of inflection points (see Table 2.1). 
Both populations of spotted dolphins produced more sine whistles than other contours, 
followed by rise-type whistles (see Figure 2.10, Table 2.2).  Similarities were found when 
comparing percentage of whistles that were amplitude modulated – 29.5% of the WSR spotted 
dolphin whistles were amplitude-modulated (n = 139) and 23.6% of the Bimini spotted dolphin 
whistles were amplitude-modulated (n = 1271). 
Comparison of Bahamas Dolphin Whistle Acoustics Parameters and Contours to Those 
Reported in Other Populations 
Acoustic parameters of Bimini bottlenose dolphin whistles were compared to those 
reported in nine studies for 21 other populations of bottlenose dolphins located around the world 
(see Table 2.4).  Consistent with findings for other bottlenose populations, bottlenose in this 
population used rise and sine contours proportionately more than other contours (see Table 2.2).  
Most of the acoustic parameters in the present study on Bimini bottlenose dolphins fall within 
the ranges reported for other populations.  However, the maximum frequency in the Bimini 
population is higher than that reported for 18 of 21 other populations.  Only one study by May-
Collado and Wartzok, (2008) reported whistles that reached frequencies above 25 kHz; the 
highest reported frequencies recorded in the two populations in their study were 28.48 kHz and 
26.54 kHz.   
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Comparisons were not made between the Bimini spotted dolphin population and other 
spotted dolphin populations, as there are very few reports on acoustic parameters of whistles 
produced by other populations of spotted dolphins.  Azevedo et al. (2010) provide a report on the 
acoustic parameters of a spotted dolphin population in Brazil (Table 2.2, Table 2.5).  Two studies 
provide limited data on acoustic parameters in the WSR spotted dolphin population - one study 
had a sample size of 80 whistles and did not record frequencies above 15 kHz (Ding et al., 
1995a), which is below the maximum frequencies used by spotted dolphins, while another study 
described only a subset of the acoustic parameters commonly reported (Lammers et al., 2003), 
and two studies pooled samples from spotted dolphins all along the Atlantic coast, rather than 
sampling from specific populations (Baron et al. 2008; Steiner, 1981).   
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Table 2.1.  
Descriptive statistics for whistle acoustic parameters for the Bimini bottlenose population and the Bimini and WSR spotted dolphin 
populations.   
 
 
 
 
 
 
 
Note.  The frequencies are in kHz and the time in seconds.  Values listed under each parameter are, from top to bottom, mean and 
standard deviation, range, and coefficient of variation (%).  For frequency and duration measurements, bottlenose dolphins n = 198 
and Bimini spotted dolphins n = 1271, WSR spotted dolphins n = 139.  For inflections, Bimini bottlenose dolphins n = 193, Bimini 
spotted dolphins n = 1211, and WSR spotted dolphins n = 126. 
  
Species, 
Population 
Start Freq End Freq Min Freq Max Freq Delta Freq Duration Inflections 
Bottlenose 
Dolphins, 
Bimini 
6.75 ± 3.72 8.47 ± 5.47 4.98  ± 1.97 14.92 ± 7.76 9.94 ± 7.25 0.68 ± 0.53 2.46 ± 3.82 
2.19-25.67 1.10-41.55 0.80-20.85 2.86-41.55 0.63-37.66 0.06-4.03 0-25 
55.11 64.58 39.56 52.01 72.94 77.94 155.28 
Spotted 
Dolphins, 
Bimini 
8.56 ± 2.90 9.89 ± 4.10 6.95 ± 2.19 15.86 ± 4.60 8.91 ± 4.44 0.74 ± 0.47 2.60  ± 2.40 
1.42-19.05 0.86-25.61 0.86-16.06 1.88-29.43 0.41-22.71  0.02-2.23 0-19 
33.88 41.46 31.51 29.00 49.83 63.51 92.31 
Spotted 
Dolphins, 
WSR 
9.10 ± 2.66 9.10 ± 3.52 6.88 ± 1.80 14.38 ± 3.47 7.50 ± 3.68 0.59 ± 0.49 1.95 ± 2.46 
3.88-16.89 2.36-22.07 2.36-14.43 7.04-22.81 1.32-16.21 0.03-2.08 0-13 
29.23 38.68 26.16 24.13 49.07 83.05 126.15 
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Table 2.2 
Comparison of contours reported in various populations of bottlenose and spotted dolphins 
Species Location n sine rise fall convex concave constant 
T. truncatus Bimini, Bahamas
1
 154 35.1 21.4 6.5 15.6 0.6 3.9 
T. aduncus Byron Bay, AUS
2
 1713 40* 40 1 
 
7 11 
T. aduncus Bunbury, AUS
3
 743 40* 45 2 
 
1 12 
T. aduncus Monkey Mia, AUS
3
 1842 27* 71 0 
 
1 1 
T. aduncus Moreton Bay, AUS
3
 5178 50* 27 11 
 
4 8 
T. truncatus Patos Lagoon, BRA
4
 788 31.5 17.3 14.2 23.5 7.4+ 6.1 
T. truncatus Sardinia, ITA
5
 1050 33** 39 6 7 14 1 
T. truncatus Shannon, IRL
6
 1715 1.6 28.8 14.3 22.5 8.1 24.8 
    
       S. frontalis Bimini, Bahamas
1
 1268 47.9 15.4 7 12.8 1.9 1.4 
S. frontalis WSR, Bahamas
1
 139 37.4 27.3 13 10.8 1.4 0 
S. frontalis Ilha Grande Bay, 
BRA
7
 
1092 16.5 47 6.5 10.3 15.5 4.2 
 
Note:  Studies are as follows: 
1
This study; 
2
Hawkins & Gartside, 2010;  
3
Hawkins, 2010; 
4
Azevedo et al., 2007; 
5
Díaz López, 2011; 
6
Hickey et al., 2009; 
7
Azevedo et al., 2010.  *The ‘sine’ category in these studies includes convex contours.  **Díaz López divides 
’sine’ into two categories - ‘sine’ and ‘multiloop;’ these categories are pooled for this table.    
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Table 2.3 
Descriptive statistics for whistle acoustic parameters for the Bimini spotted dolphin population across years 
Year Start Freq End Freq Min Freq Max Freq Delta Freq Duration Inflections 
2010 8.80 ± 2.54 10.00 ± 4.03 6.99 ± 1.76 16.98 ± 4.32 9.99 ± 4.36 0.83 ± 0.43 3.06 ± 2.36 
1.98-19.05 0.87-25.61 0.87-16.06 3.87-29.43 0.73-22.71 0.05-2.23 0-14 
28.86 40.30 25.18 25.44 43.64 51.81 77.12 
2011 8.12 ± 3.42 9.70 ± 4.23 6.81 ± 2.80 14.36 ± 4.89 7.55 ± 4.14 0.64 ± 0.53 2.14 ± 2.32 
1.42-16.99 0.86-22.76 0.86-15.18 1.88-25.33 0.41-18.77  0.02-2.14 0-17 
42.12 43.61 41.12 34.05 54.83 82.81 108.41 
2012 8.42 ± 3.09 9.87 ± 4.15 7.06 ± 2.43 14.60 ± 4.20 7.54 ± 4.27 0.57 ± 0.45 1.81 ± 2.29 
1.77-16.89 1.61-25.03 1.61-15.23 2.44-25.35 0.79-18.94 0.03-1.91 0-19 
36.70 42.05 34.42 28.77 56.63 78.95 126.52 
 
Note.  The frequencies are in kHz and the time in seconds.  Values listed under each parameter are, from top to bottom, mean and 
standard deviation, range, and coefficient of variation (%).  The number of whistles for each year were: for 2010, n = 697, for 2011, n 
= 321, and for 2012, n = 228. 
WHISTLE CHARACTERISTICS AND USE IN DOLPHINS   
 
5
0
 
Table 2.4 
Reported acoustic parameters for bottlenose dolphins (Tursiops ssp) populations 
Location n Start Frq End Frq Min Frq Max Frq Duration (s) Delta Freq # Inflection Rec 
Bimini,        
Bahamas
Tt, 1
 
198 6.75 ± 3.72 8.47 ± 5.47 4.98 ± 1.97 14.92 ± 7.76 0.68 ± 0.53 9.94 ± 7.25 2.46 ± 3.82 48 
 2.19-25.67 1.10-41.55 0.80-20.85 2.86-41.55 0.06-4.03 0.63-37.66 0-25  
 55.11 64.58 39.56 52.01 77.94 72.94 155.28  
Golfo San  
José, 
Argentina
Tt, 2
 
110 9.24 ± 2.74 6.63 ± 2.29 5.91 ± 1.50 13.65 ± 1.54 1.14 ± 0.49 - 1.58 ± 1.24 15 
 1.17-16.09 3.05-15.94 1.17-10.08 9.38-17.11 0.18-0.27 - 0-8  
 29.65 34.6 25.71 11.28 42.74 - 78.66  
Bunbury, W. 
Coast 
Australia
Ta, 3
 
743 5.95 ± 0.30 9.43 ± 0.55 4.63 ± 0.18 10.92 ± 0.57 0.7 ± 0.1 - 2.1 ± 0.3 22 
 2.05-10.79 2.43-18.46 1.70-9.20 4.60-19.58 0.2-1.4 - 0-9.0  
 - - - - - - -  
Byron Bay, E. 
Coast 
Australia
Ta, 3
 
1930 6.40 ± 0.26 8.87 ± 0.30 5.31 ± 0.17 13.05 ± 0.32 1.1 ± 0.1 - 2.1 ± 0.1 22 
  1.05-19.90 2.40-19.13 1.05-14.55 3.38-22.00 0.2-5.9 - 0-13.0  
 - - - - - - -  
Monkey Mia,          
W. Coast 
Australia
Tt/Ta, 3, a
 
1842 5.10 ± 0.57 9.38 ± 0.65 3.95 ± 0.30 11.96 ± 0.46 1.1 ± 0.2 - 2.1 ± 0.3 22 
 1.50-19.00 1.40-18.05 1.20-11.80 6.40-19.50 0.2-4.5 - 0-10.0  
 - - - - - - -  
 Moreton Bay, 
E. Coast 
Australia
Ta, 3
 
5178 6.16 ± 0.46 7.58 ± 0.49 4.89 ± 0.16 11.67 ± 0.35 0.5 ± 0 - 1.7 ± 0.2 22 
 2.59-18.00 1.30-22.00 1.30-10.00 5.31-21.00 0.1-2.2 - 0-6  
 - - - - - - -  
Shark Bay, 
Australia
Tt/Ta, 2, a
 
658 3.84 ± 1.42 7.56 ± 3.80 3.57 ± 0.97 10.57 ± 3.02 0.68 ± 0.35 - 1.63 ± 1.53 15 
 1.09-13.89 0.94-21.02 0.94-8.28 3.98-21.02 0.10-2.41 - 0-9  
 36.92 50.25 27.19 28.55 50.9 - 94.37  
Patos Lagn 
Estuary,               
S. Brazil
Tt, 4
 
788 8.28 ± 3.11 8.37 ± 3.70 5.96 ± 2.15 12.21 ± 3.20 0.55 ± 0.39 6.25 ± 3.34 1.42 ± 1.85 24 
 3.1–20.8 2.8–22.3 1.2–17.2 3.6–22.3 0.05–2.46 0.1 - 16.6 0–14  
  37.6 44.2 36.1 26.2 71.2 53.4 92.5   
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Table 2.4 continued 
Location n Start Frq End Frq Min Frq Max Frq 
Duration 
(s) 
Delta Freq # Inflection Rec 
Gandoca-
Manzanillo, 
Costa Rica
Tt, 5
 
77 8.43 ± 3.66 13.15 ± 5.57 5.68 ± 2.24 17.61 ± 4.93 0.89 ± 0.69 11.94 ± 4.32 2.64 ± 3.41 140 
 1.61-17.21 4.13-27.14 1.61-10.85 8.77-28.48 0.09-3.40 4.21-22.90 0-19  
 43.5 42.4 39.3 28 77.1 36.2 129.5  
Isla del Coco, 
Costa Rica
Tt, 6
 
26 10.18 ± 4.82 8.91 ± 3.72 7.51 ± 3.02 12.41 ± 4.07 0.38 ± 0.29 4.90 ±3.29 - 14 
 - - - - - - -  
 - - - - - - -  
Isla del Coco, 
Costa Rica
Tt, 6
 
88 12.82 ± 2.82 9.39 ± 2.55 8.51 ± 1.81 13.98 ±2.63 0.66 ± 0.47 5.46 ± 3.01 - 14 
 
- - - - - - -  
 
- - - - - - -  
Mississippi 
Sound, Gulf of 
Mexico
Tt, 7
 
430 7.48 ± 2.52 9.83 ± 3.48  5.94 ± 1.63      12.00 ± 3.28 0.63 ± 0.64      - - 24 
 1.45-15.78 2.80-20.91 1.02-12.42 3.15-22.91 0.03-3.47 - -  
 0.34 0.35 0.27 0.27 1.01 - -  
Amakusa-
Shimoshima 
Is, Japan
Ta, 8
 
515  6.74 ± 2.82 8.06 ± 3.80  5.63 ± 2.21 9.39 ± 3.90 0.37 ± 0.25 - 0.78 ± 0.88 20 
 - - - - - - -  
 41.81 47.14 39.16 41.55 67.33 - 113.77  
Mikura Island, 
Japan
Ta, 8
 
851 7.17 ± 2.85 9.82 ± 4.18 5.98 ± 2.44 12.21 ± 3.20 0.39 ± 0.33 - 1.22 ± 1.39 20 
 - - - - - - -  
 39.73 42.57 40.77 26.2 84.27 - 113.45  
Ogasawara Is, 
Japan
Ta, 8
 
247 6.91 ± 3.12 10.35 ± 4.86 5.61 ± 2.06 12.34 ± 4.93  0.44 ± 0.44 - 1.19 ± 1.50 20 
 - - - - - - -  
 45.15 46.98 36.83 39.93 99.88 - 125.86  
Taiji, Japan
Tt, 2
 215 10.33 ± 2.41 8.87 ± 2.21 7.37 ± 1.54 11.62 ± 2.00 0.62 ± 0.34 - 0.88 ± 0.79 15 
 3.75-15.23 3.67-15.55 3.20-10.70 4.53-15.55 0.06-1.76 - 0-5  
  23.31 24.9 20.89 17.18 55.23 - 88.9   
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Table 2.4 continued 
Location n 
Start Frq End Frq Min Frq Max Frq Duration 
(s) 
Delta Freq # 
Inflection 
Rec 
Gulf of 
California, 
Mexico
Tt, 2
 
110 12.10 ± 2.89 9.19 ± 3.44 6.91 ± 2.11 13.68 ± 1.72 0.66 ± 0.35 - 1.15 ± 1.32 15 
 5.78-17.27 3.44-17.42 3.17-1.56 7.34-17.42 0.19-1.59 - 0-8  
 23.91 37.45 30.48 12.55 53.1 - 115.16  
Walvis Bay, 
Namibia
Tt, 9
 
693 8.64 ± 3.56 7.21 ± 3.10 5.72 ± 1.99 12.88 ± 2.87 1.11 ± 0.65 7.16 ± 3.24 1.60 ± 2.12 30 
 1.76–21.52 1.58–21.09 1.58–16.30 6.05–23.24 0.10-3.70 0.86-19.59 0.00-20  
 41 43 35 22 58 45 133  
Bocas del Toro, 
Panama
Tt, 5
 
74 9.80 ± 3.7 9.06 ± 4.20 5.61 ± 1.80 15.8 ± 3.6 1.13 ± 0.66 10.27 ± 3.6 3.96 ± 3.8 140 
  3.38-23.0 1.64-22.2 1.6-12.68 1.7-26.54 0.06-3.81 1.64-20.14 0-20  
 37.56 46.22 32.29 22.82 58.16 34.96 102.8  
Sado Estuary, 
Portugal
Tt, 10
 
735 5.8 ± 1.8 12.1 ± 4.4 5.4 ± 1.2  15.0 ± 2.7 0.86 ± 0.40 - - 20-22 
 2.0-15.3 2.2-21.0 2.0-9.0 7.9-21.0 0.26-4.13 - -  
 - - - - - - -  
Galveston, 
Texas
Tt, 2
 
811 7.95 ± 2.88 9.02 ± 3.96 5.98 ± 2.30 11.95 ± 3.08 0.75 ± 0.46 - 2.57 ± 2.62 15 
 2.50-20.66 2.00-21.61 1.86-18.92 3.91-21.61  0.05-3.20 - 0-17  
 36.06 43.96 38.54 25.81 61.78 - 101.82  
Corpus Christi, 
Texas
Tt, 2
 
617 7.43 ± 2.44 8.71-4.04 5.88 ± 2.65 11.43 ± 3.80 0.69 ± 0.41 - 2.14 ± 2.97 15 
 2.89-6.75 2.34-20.66 2.11-14.53 3.44-20.75 0.05-2.63 - 0-37  
 32.81 46.31 27.68 33.19 60.5 - 138.49  
South Padre 
Island, Texas
Tt,2
 
549 8.70 ± 2.95 6.40 ± 2.44 5.37 ± 1.12 10.33 ± 2.80  0.60 ± 0.26 - 1.37 ± 1.65 15 
 3.13-18.75 2.59-14.92 2.58-9.45 4.53-19.14 0.09-2.08 - 0-15  
  33.91 38.11 20.78 27.08 43.66 - 119.84   
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Table 2.5 
Reported acoustic parameters for S. frontalis populations 
Location n Start Frq End Frq Min Frq Max Frq Duration (s) Delta Freq # Inflection Rec 
Bimini, 
Bahamas
Sf, 1
 
1271 8.56 ± 2.90 9.89 ± 4.10 6.95 ± 2.19 15.86 ± 4.60 0.74 ± 0.47 8.91 ± 4.44 2.60 ± 2.40 48 
  1.42-19.05 0.86-25.61 0.86-16.06 1.88-29.43 0.02-2.23 0.41-22.71 0-19  
  33.88 41.46 31.51 29.00 63.51 49.83 92.31  
WSR, 
Bahamas
Sf, 1
 
139 9.10 ± 2.66 9.10 ± 3.52 6.88 ± 1.80 14.38 ± 3.47 0.59 ± 0.49 
7.50 ± 3.68 1.95 ± 2.46 
48 
  3.88-16.89 2.36-22.07 2.36-14.43 7.04-22.81 0.03-2.08 1.32-16.21 0-13  
  33.88 38.68 26.16 24.13 83.05 49.07 126.15  
WSR, 
Bahamas
Sf, 11
 
220 - - 7.1 ± 1.5 14.5 ± 2.5 0.44 ± 0.30 7.4 ± 2.9 - 130 
  - - 6.9-7.3 14.1-14.9 - - -  
  - - - - - - -  
WSR, 
Bahamas
Sf, 12
 
80 10.95 ± 3.21 11.56 ± 
3.66 
7.91 ± 1.18 16.04 ± 1.89 0.82 ± 0.40 8.91 ± 4.44 3.43 ± 2.03 15 
  5.47–19.13 6.25–19.79 5.00–11.09 9.92–19.79 0.08-2.07 0.41-22.71 0-11  
  - - - - - - -  
Ilha Grande 
Bay, SE 
Brazil
Sf, 13
 
1092 8.85 ± 3.21 12.76 ± 
3.80 
8.04 ± 2.51 13.58 ± 3.64 0.36 ± 0.29 5.53 ± 3.52 0.74 ± 1.30 24 
 
1.15-21.88 1.56-22.35 1.15–20.09 3.00–23.44 - - 0-14  
  - - - - - - -   
 
Note for Tables 2.4 and 2.5:  Frequencies are in kHz.  Values listed are mean, SD, range, and coefficient of variation.  Tt indicates T. 
truncatus, Ta indicates T. aduncus, Sf indicates S. frontalis.  Rec refers to high frequency cut-off for the recording system used for the 
study.  The studies and notes about individual studies are as follows: 
1
This study; 
2
Ding et al., 1995b, reported recordings as '15 kHz 
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or higher'; 
3
Hawkins, 2010 - reports SE, not SD.  Byron Bay dolphins were sampled from a vessel; Moreton Bay and Bunbury were 
vessel and shore-based samples, and Monkey Mia samples were from recordings of 6 dolphins, shore-based recordings only; 
4
Azevedo et al., 2007, 
5
May-Collado & Wartzok, 2008, 
6
Acevedo-Guitierrez & Stienessen, 2004 - reports acoustic parameters for two 
behavioral states: feeding and non-feeding; 
7
Hernandez et al., 2010; 
8
Morisaka et al., 2005; 
9
Gridley et al., 2015; 
10
dos Santos et al., 
2005; 
11
Lammers et al., 2003; 
12
Ding et al., 1995a; 
13
Azevedo et al., 2010.  
a
Monkey Mia and Shark bay populations are the same 
population.  Shark Bay Tursiops have uncertain taxonomic status with genetic characteristic of both T. aduncus and T. truncatus 
(Krzyszczyk & Mann, 2012).
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Figure 2.1.  Comparison of acoustic parameters (mean and SE) between sympatric species of 
bottlenose dolphins and spotted dolphins in Bimini, and allopatric species of spotted dolphins in 
White Sand Ridge. 
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Figure 2.2.  These histograms show a between-species comparison of the distribution of whistles 
by minimum frequency parameter.  For all figures, T. truncatus are in grey and S. frontalis are 
spotted.  
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Figure 2.3.  These histograms show a between-species comparison of the distribution of whistles 
by maximum frequency parameter.   
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Figure 2.4.  These histograms show a between-species comparison of the distribution of whistles 
by delta frequency parameter. 
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Figure 2.5.  These histograms show a between-species comparison of distribution of duration of 
whistles.   
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Figure 2.6.  These histograms show a between-species comparison of the distribution of whistles 
by start frequency parameter.  
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Figure 2.7.  These histograms show a between-species comparison of the distribution of whistles 
by end frequency parameter.    
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Figure 2.8.  These histograms show a between-species comparison of the distribution of whistles 
by number of inflection points.    
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Figure 2.9.  A comparison of whistle maximum frequencies produced by Bimini populations of 
T. truncatus and S. frontalis.  This shows the percentage of whistles analyzed that reach these 
maximum frequencies. 
 
Figure 2.10.  Contour use in Bimini spotted dolphins (n = 1268), Bimini bottlenose dolphins (n = 
154), and WSR spotted dolphins (n = 139).  
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Figure 2.11. Comparison of acoustic parameters (mean and SE) between allopatric species of S. 
frontalis in Bimini and White Sand Ridge.   
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Discussion 
Comparison of Acoustic Parameters and Contours Between Sympatric Species in Bimini 
Bottlenose and spotted dolphins in the Bahamas frequently interact in social, socio-
sexual, and aggressive encounters.  A comparison of the acoustic parameters of their whistles 
and the general contours they use (based on the six contour coding scheme used by others) may 
further elucidate how these signals function to help individuals identify and distinguish members 
of their own group, a wider population of conspecifics, and other species. Overall, the mean 
acoustic parameters of spotted dolphins in Bimini and White Sand Ridge were higher in 
frequency than those of bottlenose dolphins, but bottlenose dolphins produced whistles that had 
higher delta and maximum frequencies than those of spotted dolphins.  The two species also 
showed differences in the frequency of use of specific types of contours; bottlenose dolphins 
produced proportionately more rise-type calls and convex calls than spotted dolphins did, and 
spotted dolphins displayed far greater use of amplitude-modulated whistles as compared to 
bottlenose dolphins. 
In comparing the six basic whistle contour categories between the two sympatric species 
of spotted and bottlenose dolphins in Bimini and the allopatric population of spotted dolphins in 
White Sand Ridge, it was found that both species produced more sine whistles than other 
contours, followed by rise and convex whistles.  Rise contours, or upsweeps, have been reported 
as a predominant contour in other wild dolphin populations (e.g. Cook, Sayigh, Blum, & Wells, 
2004; Hickey, Berrow, & Goold, 2009) that may play an important role in dolphin whistle 
repertoires; two studies reported rise calls as occurring more frequently when animals were 
socializing than in other behavioral states (Díaz López, 2011; Hawkins & Gartside, 2010), while 
other studies reported rise calls as the most common contour recorded in social groups of non-
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isolated (Janik & Slater, 1998; McCowan & Reiss, 1995b, 1995c) and temporarily isolated 
bottlenose dolphins (McCowan & Reiss, 2001).  Although both species were similar in that they 
produced more sine, rise, and convex whistles, bottlenose dolphins produced proportionally more 
rise and convex whistles and fewer sine whistles than spotted dolphins produced.  
Another distinguishing feature between species was the proportion of amplitude 
modulated whistles.  This characteristic seems to be more common in spotted dolphins than 
bottlenose dolphins.  Of the Bimini spotted dolphin whistles used for analysis, 23.6% were 
amplitude-modulated compared to only 3.0% of bottlenose dolphin whistles.  Similarly, 
Lammers et al. (2003) reported that approximately 41% of the whistles recorded from White 
Sand Ridge spotted dolphins were amplitude-modulated for at least part of the whistle.  This 
amplitude modulation in a signal degrades with distance, and thus amplitude-modulated whistles 
may be used to convey information about a behavioral, emotive, or referential condition to 
nearby individuals (Lammers et al., 2003). 
Bottlenose dolphins in particular are frequently found in mixed-species groups in many 
populations throughout the world (Connor et al., 2000; Oswald et al., 2008), and often have 
whistle acoustic parameters that are distinct from the other species with which they overlap.  
Oswald et al. (2003) compared the whistle characteristics of nine species of delphinids and found 
that false killer whales (P. crassidens), pilot whales (G. macrorhynchus), and bottlenose dolphins 
had the most distinctive whistles.  Schultz and Corkeron (1994) compared sympatric species of 
bottlenose and Pacific humpback dolphins (Sousa chinensis) and found that whistle acoustic 
parameters were significantly different between species.  Ding et al. (1995a) compared the 
whistles of seven odontocete species and found that the whistles of I. geoffrensis and T. 
truncatus were the most dissimilar to other species’ whistles.  Steiner (1981) compared whistles 
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from five different species, and like Ding et al. (1995a), found that T. truncatus had whistles that 
were very distinct from the other species compared.  Steiner (1981) and Ding et al. (1995a) 
suggest that in a species that is often sympatric with other species it may be important to have 
whistles that are easily distinguished from whistles of other dolphins.  Bimini bottlenose 
dolphins show a similar pattern; the whistles recorded from the Bimini bottlenose population 
have acoustic parameters distinct from the Bimini spotted dolphins with whom they frequently 
intermingle in mixed-species groups. 
In accordance with previous findings relating whistle frequency to body size, the whistles 
of larger of the two species compared in this study, the bottlenose dolphins, have lower mean 
start, end, minimum, and maximum frequencies that the whistles of the smaller spotted dolphins.  
Studies have found that longer body lengths correlate with lower whistle frequencies (Ding et al., 
1995a; Matthews et al., 1999; May-Collado et al., 2007).  It should be noted that similarities and 
differences among different species in whistle acoustic parameters such as minimum and 
maximum frequencies may also be due in part to phylogenetic relationships (Ding et al., 1995a; 
Rendell et al., 1999; Steiner, 1981), and when phylogenetic relationships are taken into account, 
this correlation between body size and frequency is not as strong as it would be if phylogenetic 
background was not taken into account (May-Collado et al., 2007).  Differences in acoustic 
parameters between species could also be due to behavioral differences. 
Studies of whistle acoustic parameters consistently find that duration and number of 
inflection points are the two whistle parameters that have the highest intraspecific variability 
(measured as coefficient of variation) across odontocete species (Bazúa-Durán & Au, 2004; Ding 
et al., 1995a, 1995b; May-Collado & Wartzok, 2008; Morisaka et al., 2005b; Oswald et al., 
2003; Rendell et al., 1999; Steiner, 1981) which may mean these parameters play an important 
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role in dolphin communication and may aid in individual differentiation or identification (Bazúa-
Durán & Au, 2004; Díaz López, 2011; Ding et al., 1995a, 1995b; May-Collado & Wartzok, 
2008; Morisaka et al., 2005b; Rendell et al., 1999; Steiner, 1981) and the conveyance of other 
additional information (Ding et al., 1995a, 1995b).  Consistent with these studies, the parameters 
with the greatest coefficients of variation in both bottlenose and spotted dolphins in Bimini were 
number of inflection points and duration. 
Intraspecific Comparison of Acoustic Parameters in S. frontalis. 
There were significant differences in acoustic parameters of whistles between the two 
allopatric populations of spotted dolphins.  The whistles from the Bimini population had lower 
start frequencies, higher maximum frequencies, larger delta frequencies, longer durations, and 
more inflection points than the WSR dolphin whistles.  The difference in whistles may be due in 
part to different acoustic landscapes.  The Bimini population is found close to shore in an area 
with more boat traffic, while the WSR population study site is 40 miles from land in an area with 
far less boat traffic – these factors could contribute to different acoustic environments.  Other 
studies have also found differences in whistle frequency and duration between populations in 
relation to ambient noise.  Ansmann et al. (2007) found that the mean values of the acoustic 
parameters of whistles varied significantly between two populations of common dolphins 
(Delphinus delphis) in the British Isles and suggested the dolphins in this population may shift to 
higher frequency calls to avoid or reduce masking (Ansmann et al., 2007).  Similarly, Rendell et 
al. (1999) found that the calls recorded from populations of pilot whales living in noisier 
conditions had higher call pitch, longer durations and higher inflection rates.  May-Collado and 
Wartok (2008) and Ding et al. (1995b) compared whistle acoustic parameters across populations 
of bottlenose dolphins found that the populations of dolphins residing in habitats with higher 
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background noise used higher frequencies.  Dolphins also increased whistle duration, maximum 
frequency, and modulation when in the presence of multiple boats as opposed to a single boat 
(May-Collado & Wartzok, 2008).  Intraspecies differences in whistles between populations may 
also be due to behavioral differences, geographic and/or social isolation.  Geographically 
separated populations of T. aduncus in Australia and T. truncatus in North America show 
dissimilarities in whistle characteristics (Baron et al., 2008; Hawkins, 2010), as do populations of 
continental shelf and off-shore Atlantic spotted dolphins (Baron et al., 2008).   
The acoustic parameters in the Bimini spotted dolphin population differed across years, 
with significant differences between 2010 and the following two years.  No noticeable changes 
in boat traffic or weather corresponded with these changes, and there were no noticeable 
differences in group composition or behavioral state of the dolphins from which recordings were 
collected across these three years.   
The two parameters that remained stable across years in the Bimini spotted dolphin 
population – minimum frequency and end frequency - were also the two parameters that were 
consistent between the Bimini and WSR spotted dolphin populations.  It is interesting to note 
that these two parameters are also two of the three strongest predictors differentiating spotted 
dolphin whistles from bottlenose dolphin whistles; the three strongest predictors differentiating 
between species were minimum frequency, start frequency, and end frequency.  McCowan, 
Reiss, and Gubbins (1998) found that start and end frequency were the best predictors of 
membership in social groups in populations of captive bottlenose dolphins.  Taken together, 
these findings suggest certain parameters – start, end, and minimum frequency - may be good 
predictors of social group and species identity, which could help these sympatric dolphin species 
to differentiate between conspecifics and non-conspecifics.  
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Comparison of Bahamas Dolphin Whistle Acoustics Parameters and Contours to Those 
Reported in Other Populations 
Most acoustic parameters reported here for the Bimini bottlenose dolphin population fall 
within the ranges reported for other bottlenose dolphin populations.  However, the mean 
maximum frequency in the Bimini population is higher than that reported for 18 of 21 other 
populations.  Only two of these populations were reported as having whistles that reached 
frequencies above 25 kHz, and these whistles still fell below 30 kHz.  Past reports of lower 
maximum frequency may be due to lower recorder sampling rates and/or lower flat frequency 
responses of hydrophones used in other studies.  Many studies employed recording equipment 
that did not record frequencies above 25 kHz. The fact that 14.1% of the Bimini bottlenose 
dolphin whistles analyzed extended to frequencies above 25 kHz emphasizes the need to use at 
least a minimum sampling rate of 96 kHz to record the fundamental component of whistles from 
this species.  The harmonics or sidebands often present in whistles, although not included in this 
analysis, can potentially provide additional information about the signaler as well.  In this current 
study, all whistles below a maximum frequency of 48 kHz were recorded.  It is possible that 
even at a sampling rate of 96 kHz—the sampling rate used in this current study—some whistles 
at higher frequencies may not have been recorded.  However, no whistles in this study were cut 
off, which may indicate that whistles do not extend beyond 48 kHz. 
A confounding variable in comparing the data in this study to data collected in other 
studies may be due to the fact that the animals in this study were often within 10 to 30 meters of 
the hydrophones and may have been in closer proximity to recording devices than animals in 
other studies.  If dolphins are positioned further from the hydrophones when whistling, the 
higher frequencies may be attenuated.   
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Although recordings limitations have an impact on reported mean maximum frequencies, 
Bimini bottlenose dolphins may in fact produce whistles with higher maximum frequencies than 
those reported in other populations.  This difference in whistles among populations may be due 
to different environmental conditions, social relationships, and/or behavior.   
Significance 
No study has reported on acoustic parameters of bottlenose dolphin or spotted dolphin 
whistles in Bimini, and there is limited data on spotted dolphins anywhere.  This current report of 
whistle characteristics in Bimini bottlenose and spotted dolphins and WSR spotted dolphins 
provide this important baseline data and may also aid in passive acoustic monitoring.  To make 
accurate assessments of maximum frequencies and frequency range, full frequency range of all 
whistles produced should be recorded; this study provides more accurate acoustic parameter 
measurements than many previous studies have done. 
Conclusion 
Bottlenose and spotted dolphins in the Bahamas frequently interact in social, socio-
sexual, and aggressive encounters.  Whistles are thought to be an important part of dolphin 
communication, and thus it is interesting to compare whistles of these two sympatric species.  
The bottlenose dolphins had parameters distinct from the sympatric population of spotted 
dolphins with whom they commonly interact, a pattern frequently seen in this species, which is 
often found in mixed-species schools.  Spotted dolphin mean acoustic parameters were higher in 
frequency than those of bottlenose dolphins, but bottlenose dolphins had a larger delta frequency 
and produced whistles that reached higher frequencies than those of spotted dolphins.  It is 
possible that differences in acoustic parameters between these two sympatric species enable 
dolphins to differentiate between conspecifics and non-conspecifics.  
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In keeping with trends found in other studies looking at acoustic parameters, the larger of 
the two species, the bottlenose dolphins, had lower frequency whistles than the smaller spotted 
dolphins.  As with all odontocete species examined so far, the two whistle parameters with the 
highest intraspecific variability in both the Bahamas spotted dolphins and the Bahamas 
bottlenose dolphins were duration and number of inflection points, which may aid in individual 
differentiation or identification. 
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Chapter 3: Whistle Characteristics of Spotted Dolphins (Stenella frontalis): Variations with 
Group Composition and Behavioral State 
Many studies of whistle repertoires among populations of dolphins have examined how 
whistle parameters and use correlate with contextual factors such as environment, social context, 
and behavioral state.  Dolphins rely on whistles for contact, social interaction, and group 
coordination, and such correlations provide insights on the role and use of whistles in dolphin 
communication. 
It has been reported that whistle rates change with behavioral state.  Whistle rates tend to 
increase with excited states such as meeting up of groups of dolphins, bowriding, the anticipation 
of feeding (in captivity) (Herman & Tavolga, 1980) and with emotional states such as stress 
(Caldwell & Caldwell, 1965; Esch, Sayigh, Blum, et al., 2009; May-Collado, 2010).  Changes in 
whistle rate also occur with general behavioral state (Acevedo-Gutiérrez & Stienessen, 2004; 
Cook et al., 2004; dos Santos et al., 2005; Hernandez et al., 2010; Jones & Sayigh, 2002), season 
(Hernandez et al., 2010; Jacobs et al., 1993), and group composition (Hawkins & Gartside, 
2010).  Several studies found that whistle use in bottlenose dolphins was higher during 
socializing (Cook et al., 2004; dos Santos et al., 2005; Jones & Sayigh, 2002; Quick & Janik, 
2008) and lower during traveling (Cook et al., 2004; dos Santos et al., 2005; Quick & Janik, 
2008).  Azevedo et al. (2010) reported that spotted dolphins in southeastern Brazil produced 
whistles more frequently during periods of high surface activity.   
Studies find that in addition to whistle rate, dolphins vary other whistle parameters with 
behavioral state and group composition.  In wild spotted dolphins in southeastern Brazil, mean 
duration, start, maximum, and delta frequency, and number of inflection points of whistles were 
all significantly higher during periods of high activity than those produced during periods of low 
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activity, suggesting spotted dolphins modify whistles with behavioral states (Azevedo et al., 
2010).  Bottlenose dolphins in a Mississippi population varied low frequency and duration with 
behavioral state (Hernandez et al., 2010).  Bottlenose dolphins in Portugal produced a greater 
variety of different stereotyped contours in contexts of high arousal than in contexts of low 
arousal (dos Santos et al., 2005), and bottlenose dolphins in Australian (T. aduncus) and Italian 
(T. truncatus) populations produced rise calls more frequently when socializing than in other 
behavioral states (Díaz López, 2011; Hawkins & Gartside, 2010). 
 This current study compares frequency parameters across different behavioral states and 
different group compositions in Atlantic spotted dolphins.  
Method 
Data Collection and Whistle Criteria 
Data in Bimini were collected over 10 weeks during the summers of 2009, 2010, 2011, 
2012, and 2013.  Whistles were used for analysis if they had a good signal-to-noise ratio, the 
spectral contours were clearly visible, and the start, end, minimum, and maximum frequencies 
were clearly distinguishable and measurable in a spectrogram.  Whistles from mixed-species 
groups were excluded from analysis.   
Frequency Parameter Variation with Behavioral State and Group Composition 
To determine if acoustic parameters vary with group composition and behavioral state, a 
subset of whistles was used for which both the behavioral state and group composition of 
dolphins at the time of the whistle emission was known.  Video and acoustic recordings were 
reviewed concurrently to determine the behavioral state of the dolphins present during the 
emission of the whistle.  In cases in which the individual dolphin producing the whistle could be 
identified, that dolphin’s behavioral state was recorded.  When whistles could not be assigned to 
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individual dolphins, the behavioral state of the majority of the animals present at the time of that 
whistle emission was recorded.  Group composition at the time of the whistle emission was 
determined from review of video footage and field notes.  Groups were assigned to one of the 
following categories: mother/calf groups, CII/III groups, chaperone groups, solitary dolphin, and 
mixed groups.  Mother/calf groups were comprised of mainly Class IV and Class V adults with 
accompanying calves.  The ratio of adults to calves in a mother/calf group was 1:1, or close to 
1:1 (larger mother/calf groups occasionally had an additional adult or calf).  CII/CIII groups 
were comprised of young juveniles with little spotting and calves.  Chaperone groups were 
comprised of adult Class IV or V dolphins, Class II calves, and young Class III juveniles with a 
3:2 or higher ratio of young dolphins (Class II and young Class III dolphins) to adults.  For 
example, for a group to be considered a chaperone group, it would have to be comprised of one 
adult and two or more young animals, two adults and four or more young animals, or three adults 
and six or more young animals.  Chaperone groups did not reach sizes larger than nine animals.  
Mixed groups were comprised of three or more age classes, with proportionally more adults and 
older juveniles than younger juveniles and calves.  The behavioral states, described in Chapter 1, 
were: travel, foraging, people-oriented, parental/alloparental, affiliative-social, escalated-social, 
and aggressive.  
No whistles that met the criteria for analysis were recorded during foraging, aggressive, 
or parental/alloparental behavioral states, so these behavioral states were not included in 
comparisons.  (Some whistles were recorded from dolphins in these behavioral states, but these 
whistles had a low signal-to-noise ratio, and so acoustic parameters could not be measured.)  
Only a small sample of whistles (n = 10) were recorded from traveling dolphins, and these 
whistles were only recorded in one encounter, so whistles from this behavioral state were also 
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excluded from analysis due to small sample size.  Group compositions with low sample sizes of 
whistles (less than 10 whistles) were excluded from analysis; this criteria excluded mother/calf 
groups.  Whistles from the solitary dolphin category were also excluded, because most of the 
whistles in this category were from one dolphin repeating one stereotyped contour more than 24 
times in one encounter, which would have given a biased sample.  Whistles were thus compared 
across three behavioral states – affiliative-social, escalated-social, and people-oriented – and 
across three different group compositions – CII/CIII, chaperone, and mixed groups.   
The seven acoustic parameters measured were: minimum frequency, maximum 
frequency, start frequency, end frequency, duration, delta frequency, and number of inflection 
points. Whistles were grouped into one of the six basic whistle contour categories described in 
Chapter 1, and were categorized by the author based on visual inspection of spectrograms.   
In cases in which a sequence of the same or similar whistle contours were repeated in 
rapid succession in which the inter-whistle interval was less than the duration of the individual 
whistles within the sequence, it was assumed that these whistles were produced by the same 
dolphin, and only one of the repeated whistles occurring within these sequences was included in 
the analysis of acoustic parameters. In these cases, the whistle used for analysis from these 
sequences was chosen pseudorandomly, as described in Chapter 2. 
A 3 (group composition: CII/III, chaperone, mixed) by 3 (behavioral state: affiliative-
social, escalated-social, people-oriented) factorial ANOVA was run to determine whether the 
acoustic parameters of whistles (minimum frequency, maximum frequency, delta frequency, start 
frequency, end frequency, duration, and number of inflection points) differed with group 
composition and behavioral state.  Significant main effects were further analyzed with 
Hochberg’s post hoc tests.  Significant interactions were followed up with independent t-tests.  
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Because the data were moderately positively skewed, all whistle parameters were first square 
root transformed to normalize the data before performing the ANOVAs, post hoc tests, and 
follow up t-tests. 
Variation in Amplitude Modulation of Whistles with Group Composition and Behavioral 
State 
Chi-square analyses were run to examine associations between use of amplitude 
modulated whistles and group composition, and between use of amplitude modulated whistles 
and behavioral state. 
Results 
Frequency Parameter Variability Relative to Behavioral States and Group Composition 
A subset of 587 whistles for which both behavioral state and group composition could be 
determined was used for analysis.  Whistles from CII/III groups were collected from 11 
encounters occurring on nine different days.  Whistles from chaperone group were collected 
from five encounters on four different days.  Whistles from mixed groups were collected from 
nine encounters on nine different days.  Frequency parameters were compared across three group 
compositions: CII/CIII groups comprised of calves and young juveniles, chaperone groups 
comprised of calves, young juveniles, and one or two adults, and mixed groups comprised of 
animals from several age groups.   
There was a main effect of group composition on minimum frequency F(2, 571) = 16.07, 
p < .001, η2 = .05, maximum frequency F(2, 571) = 4.70, p = .009, η2 = .02, start frequency, F(2, 
571) = 8.85, p < .001, η2 = .03, and end frequency, F(2, 571) = 13.33, p < .001, η2 = .05.  Groups 
comprised entirely or mainly of calves and young juveniles had whistles with higher frequency 
parameters.  Hochberg’s post hoc tests revealed that start frequencies (p < .001), end frequencies 
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(p = .004), minimum frequencies (p = .005), and maximum frequencies (p < .001) were 
significantly lower in mixed groups than in chaperone groups.  Start frequencies (p < .001), end 
frequencies (p < .001), minimum frequencies (p < .001), and maximum frequencies (p < .001) 
were also significantly lower in mixed groups than in CII/III groups.  Minimum frequencies (p < 
.001) and end frequencies (p = .022) were significantly lower in chaperone groups than in CII/III 
groups (see Table 3.1, Figure 3.1). 
Frequency parameters of whistles were compared across three behavioral states: 
affiliative-social, escalated-social, and people-oriented.  There was a main effect of behavioral 
state on minimum frequency F(2, 571) = 3.48, p = .031, η2 = .01, maximum frequency F(2, 571) 
= 4.31, p = .014, η2 = .02, and start frequency, F(2, 571) = 4.25, p = .015, η2 = .02.  Frequencies 
were significantly lower in affiliative-social behavioral states than in people-oriented or 
escalated-social behavioral states.  Hochberg’s post hoc tests showed that minimum frequencies 
(p = .003), maximum frequencies (p < .001), and start frequencies (p < .001) were significantly 
lower in affiliative-social behavioral states than in escalated-social behavioral states.  Minimum 
frequencies (p < .001), maximum frequencies (p < .001) and start frequencies (p < .001) were 
also significantly lower in affiliative-social behavioral states than in people-oriented behavioral 
states.  Minimum frequencies were significantly lower in escalated-social behavioral states than 
in people-oriented behavioral states (p = .016).  (See Table 3.2, Figure 3.2.).  However, group 
composition is not equally represented across behavioral states, which may bias results; 92.3% of 
whistles used for analysis that were recorded during people-oriented behaviors were produced by 
CII/CIII groups, while 69.0% of the whistles produced during affiliative-social behavior were 
produced by mixed-age groups. 
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Overall, it was found that frequency parameters were highest in people-oriented 
behavioral states and in CII/III groups.  However, whistles were not equally represented from 
each group in each behavioral state.  Of the whistles produced by CII/CIII groups used for 
analysis, 69.7% were produced during people-oriented behavioral states, while 27.4% were 
produced during affiliative-social behavioral states, and only 2.9% during escalated-social.  For 
chaperone groups, 53.9% of the whistles were produced during escalated-social behavioral 
states, while 42.7% were produced during affiliative-social behavioral states, and only 3.4% 
during people-oriented behavioral states.  Of the whistles produced by mixed groups, 82.5% 
were produced during affiliative-social behavioral states, while 13.6% were produced during 
escalated-social behavioral states, and only 3.9% during people-oriented behavioral states.  
Taken together, this means that more whistles from mixed groups were produced during 
affiliative-social states, more whistles were recorded from CII/III groups during people-oriented 
states, and more whistles were recorded from chaperone groups during escalated-social states. 
There was a significant interaction between group composition and behavioral state on 
minimum frequency F(4, 571) = 3.83, p = .004, η2 = .03, start frequency, F(4, 571) = 2.85, p = 
.023, η2 = .02 and end frequency, F(4, 571) = 3.69, p = .006, η2 = .03.  However, there was no 
significant interaction with maximum frequency.  Follow up t-tests are reported in Table 3.3.  
Although overall, minimum, start, and end frequencies were significantly lower in mixed groups 
than in chaperone groups or CII/III groups, and end and minimum frequencies were significantly 
lower in chaperone than CII/III groups, there was an interaction with chaperone groups during 
escalated-social behavioral states; whistle parameters from chaperone groups were not 
significantly higher than whistles from mixed groups during escalated-social behaviors (see 
Figure 3.3).  There was also an interaction with chaperone groups during people-oriented 
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behavioral states.  When comparing minimum and end frequency whistle parameters during 
people-oriented behaviors, whistles from chaperone groups no longer had significantly lower 
minimum frequencies than CII/III whistles (see Figure 3.3).  This may be explained by the calves 
and young juveniles in chaperone groups producing more whistles in people-oriented behavioral 
states than other states. 
The frequency parameters with the highest coefficient of variation in all three behavioral 
states and three group compositions were number of inflection points, followed by duration (see 
Tables 3.1, 3.2). 
Amplitude Modulated Whistles 
Of the whistles used for analysis (n = 1321), 23.5% were amplitude modulated.  A subset 
of 668 whistles for which behavioral state could be determined were compared across behavioral 
states.  There was a significant association between behavioral state and use of graded signals (n 
= 668, χ2(2) = 11.91, p = .003).  Significantly more whistles produced during people-oriented 
behavioral states were amplitude modulated than in affiliative-social or escalated-social 
behavioral states (z = 2.5).  Of the whistles recorded during people-oriented behaviors, 32.6% of 
these whistles were amplitude modulated, while 20.4% of whistles produced in affiliative-social 
behavioral states were amplitude modulated, and 20.2% produced in escalated-social behavrioal 
states were amplitude modulated.  However, 78.1% of the whistles produced during people-
oriented behavior that were used for analysis were produced by CII/CIII groups, so this 
difference may be influenced by group composition as well as behavioral state. 
A subset of 848 whistles for which group composition could be determined were 
compared across behavioral states.  There was a significant association between group 
composition and use of amplitude modulated signals (χ2(2) = 13.79, p < .001).  Groups 
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containing only calves and juveniles used significantly more amplitude modulated signals than 
other groups did (z = 2.4).  While 34.4% of their signals were amplitude modulated, only 19.7% 
of whistles produced by chaperone groups were amplitude modulated, and 24.0% of whistles 
produced by mixed groups were amplitude modulated.  However, of the amplitude modulated 
signals recorded from CII/CIII groups, 52.0% of those amplitude modulated signals were used 
during people-oriented behavioral states, so this difference may be influenced by behavioral state 
as well as group composition. 
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Table 3.1 
Frequency Parameters and Group Composition 
 
Table 3.2 
Frequency Parameters and Behavioral State 
  n min max start end delta feq duration 
# of 
inflections 
AS 316 6.42 ± 2.47 14.25 ± 4.94 7.67 ± 3.04 9.57 ± 4.22 7.86 ± 4.40 0.65 ± 0.48 2.19 ± 2.21 
  
0.86 - 16.06 1.88 - 25.09 1.42 - 16.99 0.86 - 20.45 0.41 - 18.92 0.03 - 2.14 0 - 11 
  
38.46 34.69 39.65 44.08 56.25 73.47 100.82 
PO 176 7.96 ± 2.30 16.24 ± 3.88 9.91 ± 2.75 10.84 ± 3.99 8.28 ± 4.10 0.62 ± 0.42 2.44 ± 1.97 
  
2.79 - 12.89 8.00 - 25.33 2.79 - 16.84 3.53 - 24.04 1.29 - 18.03 0.02 - 1.44 0 - 8 
  
28.90 23.90 27.72 36.78 49.52 67.59 80.61 
ES 94 7.05 ± 2.70 16.30 ± 4.56 9.22 ± 3.52 10.45 ± 5.06 9.25 ± 4.59 0.67 ± 0.54 2.47 ± 2.96 
  
0.87 - 15.34 3.87 - 25.09 1.98 - 19.05 0.87 - 25.03 1.12 - 19.67 0.05 - 2.03 0 - 19 
   38.26 28.00 38.19 48.44 49.65 80.27 119.88 
 
  n Min Max Start End Delta Freq Duration 
# of 
Inflections 
CII/III 233 8.26 ± 2.13 16.00 ± 3.75 10.05 ± 2.59 11.48 ± 3.79 7.75 ± 4.07 0.58 ± 0.43 2.35 ± 2.14 
  
2.79 - 12.89 6.95 - 25.33 2.79 - 16.99 3.84 - 24.04 0.41 - 18.03 0.02 - 1.86 0 - 8 
  
25.81 23.40 25.76 32.98 52.51 73.90 91.02 
Chaperone 87 6.54 ± 1.69 16.62 ± 3.94 9.01 ± 2.96 10.24 ± 4.50 10.08 ± 4.30 0.77 ± 0.52 2.71 ± 2.32 
  
3.07 - 14.69 8.25 - 25.10 4.12 - 19.05 3.07 - 22.65 0.73 - 19.67 0.04 - 2.03 0 - 10 
  
25.83 23.73 32.83 43.92 42.72 67.39 85.46 
Mixed 266 6.02 ± 2.64 13.99 ± 5.34 7.17 ± 3.16 8.83 ± 4.35 7.97 ± 4.50 0.66 ± 0.48 2.14 ± 2.36 
  
0.86 - 16.06 1.88 - 25.09 1.42 - 17.41 0.86 - 25.03 0.41 - 18.92 0.04 - 2.14 0 - 19 
   43.89 38.18 44.02 49.32 56.45 73.07 110.47 
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Table 3.3 
Follow Up t-tests Looking at Interactions with Group Composition and Behavioral State 
Parameter Behavioral State Groups Compared t-test, significance Levene's test 
Min Frequency Affiliative-Social CII/III - Chaperone t(101) = 5.63, p < .001 F = 5.24, p < .05 
  
CII/III - Mixed t(189.19) = 10.23, p <.001 F = 15.53, p < .001 
  
Chaperone - Mixed t(108.97) = 3.84, p < .001 F = 19.78, p < .001 
 
People-Oriented CII/III - Chaperone t(161) = -0.22, p = .82 
 
  
CII/III - Mixed t(171) = 3.76, p < .001 
 
  
Chaperone - Mixed t(14) = 1.86, p = .08 
 
 
Escalated-Social CII/III - Chaperone t(52) = 4.22, p < .001 
 
  
CII/III - Mixed t(45) = 1.96, p = .056 
 
  
Chaperone - Mixed t(60.82) = -1.26, p = .21 F = 5.11, p = .026 
Start Frequency Affiliative-Social CII/III - Chaperone t(101) = 3.56, p < .001 
 
  
CII/III - Mixed t(159.60) = 9.44, p < .001 F = 10.39, p = .001 
  
Chaperone - Mixed t(74.90) = 4.46, p < .001 F = 8.17, p = .005 
 
People-Oriented CII/III - Chaperone t(161) = 0.15, p = .88 
 
  
CII/III - Mixed t(171) = 2.65, p = .009 
 
  
Chaperone - Mixed t(14) = 0.75, p = .46 
 
 
Escalated-Social CII/III - Chaperone t(52) = 0.67, p = .51 
 
  
CII/III - Mixed t(45) = 1.12, p = .27 
 
  
Chaperone - Mixed t(85) = 1.23, p = .22 
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Table 3.3 continued 
Parameter Behavioral State Groups Compared t-test, significance Levene's test 
End Frequency Affiliative-Social CII/III - Chaperone t(101) = 1.90, p = .06 
 
  
CII/III - Mixed t(165.40) = 8.11, p < .001 F = 13.58, p < .001 
  
Chaperone - Mixed t(248) = 3.36, p < .001 
 
 
People-Oriented CII/III - Chaperone t(161) = -1.08, p = .28 
 
  
CII/III - Mixed t(171) = 3.59, p < .001 
 
  
Chaperone - Mixed t(14) = 2.78, p = .02 
 
 
Escalated-Social CII/III - Chaperone t(12.10) = 4.05, p = .002 F = 4.29, p = .04 
  
CII/III - Mixed t(45) = 1.89, p = .066 
     Chaperone - Mixed t(85) = -1.17, p = .24   
 
Note.  When Levene’s test for equality of variances was significant, equal variances were not assumed, and adjusted t-values are 
reported accordingly. 
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Figure 3.1.  Comparison of mean frequency parameters according to group composition.  Error 
bars represent standard error.  Minimum, maximum, start, and end frequencies were significantly 
lower in mixed groups than in chaperone groups or CII/III groups.  Minimum and end 
frequencies were significantly lower in chaperone groups than in CII/III groups. 
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Figure 3.2.  Comparison of mean frequency parameters according to behavioral state.  Error bars 
represent standard error.  Minimum, maximum, and start frequencies were significantly lower in 
affiliative-social behavioral states than in escalated-social or people-oriented behavioral states.  
Minimum frequencies were significantly lower in escalated-social behavioral states than in 
people-oriented behavioral states. 
 
  
0
2
4
6
8
10
12
14
16
18
min max start end
Fr
e
q
u
e
n
cy
 (
kH
z)
 
Affiliative Social
People Oriented
Escalated Social
WHISTLE CHARACTERISTICS AND USE IN DOLPHINS 
87 
 
  
  
 
Figure 3.3.  Frequency parameter interaction with group composition and behavioral state.  
Overall, it was found that minimum, start, and end frequencies were significantly lower in mixed 
groups than in chaperone groups or CII/III groups, and significantly lower in chaperone than 
CII/III groups.  However, as this interaction shows, whistle minimum, start, and end frequency 
parameters from chaperone groups were not significantly lower than CII/III whistles during 
people-oriented behaviors, nor were they significantly higher than whistles from mixed groups 
during escalated-social behaviors.  There was no interaction with maximum frequencies.   
Minimum Frequency Maximum Frequency 
Start Frequency End Frequency 
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Discussion 
The two parameters that showed the highest variability (measured as coefficient of 
variation) across all behavior states and group compositions compared were duration and number 
of inflection points, which is consistent with findings reported in a multitude of studies of 
dolphin acoustic parameters (Bazúa-Durán & Au, 2004; Ding et al., 1995a, 1995b; May-Collado 
& Wartzok, 2008; Morisaka et al., 2005b; Oswald et al., 2003; Rendell et al., 1999; Steiner, 
1981).  Many authors suggest these parameters may play an important role in dolphin 
communication (Bazúa-Durán & Au, 2004; Díaz López, 2011; Ding et al., 1995a, 1995b; May-
Collado & Wartzok, 2008; Morisaka et al., 2005b; Rendell et al., 1999; Steiner, 1981). 
Not surprisingly, frequency parameters of whistles were significantly higher in chaperone 
and CII/III groups than mixed groups; these groups were comprised mostly or entirely of 
younger, smaller, animals, which may explain the higher frequencies of their whistles.   
The behavior of Bimini spotted dolphins tends to differ according to group composition 
and age.  During an encounter, younger animals in the Bimini population often circled people 
rapidly while vocalizing.  Adult dolphins in chaperone groups sometimes joined the calves in 
circling humans, and sometimes remained distant from the humans and calves, slowly swimming 
on the outskirts of the group, about 20 - 30 meters away from the cluster of people and calves.  In 
large mixed-age groups, dolphins tended to spend much less time near or circling humans, 
showed less interest in humans, and spent more time interacting with other dolphins. 
Acoustic parameters also varied with behavioral state.  Minimum, maximum, and start 
frequencies were significantly higher in people-oriented behavioral states than in affiliative-
social behavioral states.  However, 97.6% of the whistles recorded during people-oriented states 
that were used for this analysis were recorded from CII/III groups, while 67.2% of the whistles 
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recorded from dolphins in affiliative-social behavioral states were from mixed groups, and 
20.8% were from CII/III groups.  Thus the whistles recorded during people-oriented behavioral 
states could have been higher in frequency because the animals producing these whistles were 
smaller and younger.  The whistle parameters could have also been higher, however, because 
these younger animals were excited or stressed.  Herzing (1996) reports that spotted dolphins in 
the White Sand Ridge population produce excitement vocalizations during behavioral contexts of 
excitement or distress, such as human presence in the water, and that although these 
vocalizations are produced by dolphins of all age classes, they are most frequently produced by 
calves.  Azevedo et al. (2010) found in a Brazilian population of spotted dolphins that start and 
maximum frequencies were significantly higher during periods of high activity.   
In addition to frequency, amplitude modulation might also indicate distress or excitement 
in younger spotted dolphins.  Significantly more whistles from CII/III groups were amplitude 
modulated than whistles recorded from other groups, especially during people-oriented behavior.  
Lammers et al. (2003) suggest amplitude modulated whistles in spotted dolphins may be used to 
convey information about a behavioral, emotive, or referential condition to nearby individuals. 
Conclusion 
Whistle acoustic parameters and vary with behavioral context and group composition in 
spotted dolphins.  In particular, significantly more of the whistles produced by dolphins in 
groups comprised mainly or entirely of calves and younger juveniles are amplitude modulated, 
and these whistles also have significantly higher frequency parameters, especially during people-
oriented behavioral states.  Whistles with amplitude modulation and higher frequencies may 
provide cues about the age and emotive state of the animals producing them. 
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Chapter 4. Biphonation and Subharmonics 
Subharmonics and biphonation, referred to as ‘nonlinear phenomena,’ are widespread in 
mammalian (Tyack & Miller, 2002; Wilden, Herzel, Peters, & Tembrock, 1998) and avian 
vocalizations (Nowickil & Capranica, 1986; Suthers, 2001; Zollinger, Riede, & Suthers, 2008).  
Subharmonics are spectral components that are fractional integer values of the fundamental 
frequency (F0), such as F0/2 and F0/3.  These can appear both below and above the F0 (Riede, 
Owren, & Arcadi, 2004; Tyson, Nowacek, & Miller, 2007) and may occur as the result of two 
oscillators vibrating at different frequencies (Fitch, Neubauer, & Herzel, 2002; Tyson et al., 
2007).  Biphonation is the simultaneous production of two independent sounds.  Although 
biphonation could be considered a linear process if these two sounds are produced by two 
independent sources, biphonation is usually grouped with what are considered nonlinear 
phenomena (Mann, O’Shea, & Nowacek, 2006).  Biphonation and subharmonics have been 
reported in acoustic signals in many species, including birds (Aubin, Jouventin, & Hildebrand, 
2000), canids (Schneider & Anderson, 2011; Volodin & Volodina, 2002), manatees (Mann et al., 
2006), primates (Riede, Arcadi, & Owren, 2007), cetaceans (Tyack & Miller, 2002), and even 
the toadfish (Rice, Land, & Bass, 2011).  The prevalence of these phenomena across a range of 
vertebrate species suggests they may play an important role in acoustic communication, 
conveying information such as motivation or status (Wilden et al., 1998). Nonlinear phenomena 
may also serve to enhance individual recognition (Aubin et al., 2000; Fitch et al., 2002; 
Volodina, Volodin, Isaeva, & Unck, 2006; Wilden et al., 1998). 
Examples of the social function of nonlinear phenomena in acoustics can be found in 
common chimpanzees (Pan troglodytes), king penguins (Aptenodytes patagonicus), and red 
wolves (Canis rufus).  The king penguin (Aptenodytes patagonicus) relies on biphonation in its 
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contact calls to encode individual identity (Aubin et al., 2000).  Nonlinear phenomena, including 
subharmonics, biphonation, and deterministic chaos (defined as nonrandom noise), are 
commonly found  in the pan hoots of common chimpanzees (Riede et al., 2004).  Pant hoot 
vocalizations are employed in social situations including dominance displays, food discovery, 
and intergroup calling (Riede et al., 2004).  Red wolves produce squeaks and wuhs, either as 
separate units or in combination as a nonlinear squeak-wuh (Schneider & Anderson, 2011).  In 
one captive population, squeaks were produced most often when the wolves were oriented 
towards others, which, the authors suggest, may indicate a solicitation function, while wuhs were 
more common during social interactions.  Squeak-wuhs occurred most often during penmate-
play or when oriented toward neighbors (Schneider & Anderson, 2011).   
Two species in which biphonic calls have been well studied are the killer whale (Orcinus 
orca) and the dhole (Cuon alpinus).  In both of these species, biphonic calls are comprised of 
simultaneously produced low and high frequency components.  It has been hypothesized that 
when combined, the two components may provide information on both directionality and 
identity (Filatova, Guzeev, Fedutin, Burdin, & Hoyt, 2013; Volodin, Nagaylik, & Elena, 2006). 
The dhole, also known as the whistling dog or Asiatic wild dog, frequently uses biphonic 
calls comprised of two components: a high frequency squeak and a low frequency yap.  The 
squeak and the yap can occur alone as separate calls or together in a combined call (Volodina et 
al., 2006).  It was reported that the biphonic calls produced by a captive population of dhole 
include biphonic squeak-yaps that are produced primarily during peaceful interactions and are 
not related to age, sex, or genetic relationship (Volodina et al., 2006).  The high-frequency 
squeak contains information on individual identification, while the low frequency yap contains 
information on the orientation of the caller.  Combined together as a biphonic call, the yap-
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squeak may provide cues to the receiver about both individual identity and orientation of the 
signaler (Volodin et al., 2006).  The dhole, a social mammal, lives in packs in an environment 
with dense vegetation, which can impede signal propagation and reduce visibility (Volodin et al., 
2006).  The dual information provided in the squeak-yap may be an important acoustic feature of 
a signal used for communication in this habitat (Volodin et al., 2006). 
Killer whales live in stable matrilineal social units, or pods, and produce shared 
stereotyped calls thought to function in coordinating activities and maintaining group cohesion 
(Miller, 2002).  Each pod produces 7 or more shared stereotyped call types, some of which are 
biphonal (Foote, Osborne, & Hoelzel, 2008).  Biphonal calls are comprised of simultaneously 
produced low and high frequency components, very likely from two different sound sources 
(Shapiro, Tyack, & Seneff, 2011).  The low frequency component of biphonal calls is 
omnidirectional, while the high frequency component has strong directionality, with greater 
relative energy as the animal is moving towards a source rather than away (Miller, 2002).  Killer 
whales are highly synchronized in movement when traveling, even when they are not within 
visual range of each other (Miller, 2002).  They often produce calls immediately preceding a 
change in travel direction, suggesting these calls are used in group coordination (Miller, 2002) 
Killer whale biphonal calls, which can propagate further than monotonal calls, are 
produced more frequently in multipod aggregations, while monophonic calls are produced at a 
higher rate in single-pod groupings (Filatova, Fedutin, Nagaylik, Burdin, & Hoyt, 2009; Filatova 
et al., 2013; Foote et al., 2008).  This higher occurrence of biphonal calls in multipod 
aggregations suggests they may function in part as identifying calls containing information about 
pod membership and matriline affiliation (Filatova et al., 2009, 2013; Foote et al., 2008) 
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Biphonation, subharmonics, and other nonlinear phenomena have been recorded in the 
vocalizations of other toothed whales, and have also been reported in a few species of baleen 
whales.  The ‘starwars’ vocalization, a stereotyped sound sequence which includes ‘the 
simultaneous production of two harmonically unrelated sounds’ is a regularly repeated sequence 
recorded from Minke whales (Balaenoptera acutorostrata) (Gedamke, Costa, & Dunstan, 2001 
pg. 3044).  Bitonal calls have been reported in Bryde’s whales (Balaenoptera edeni) (Figueiredo 
& Simão, 2014) and bowhead whales (Balaena mysticetus), which produce a song type that 
included two simultaneously generated song notes: a continuous, highly frequency modulated 
signal, and a low frequency upsweep with a short duration (Tervo, Christoffersen, Parks, 
Kristensen, & Madsen, 2011).  Subharmonics, deterministic chaos, biphonation, and frequency 
jumps were present in 65.7% of North Atlantic right whale (Eubalaena glacialis) vocalizations 
analyzed, with biphonation present in 20.4% of the vocalizations (Tyson et al., 2007) 
 These phenomena have also been recorded in several odontocete species.  Long-finned 
pilot whales (Globicephala melas) emit biphonal calls with both pulsed and tonal components 
(Nemiroff & Whitehead, 2009), as do short-finned pilot whales (Globicephala macrorhynchus) 
(Sayigh, Quick, Hastie, & Tyack, 2013).  There is also a report of two different narrow band 
sounds emitted simultaneously from a short finned pilot whale (then called Globicephala 
scammoni) captured and contained at a facility (Caldwell & Caldwell, 1969).  Short-finned pilot 
whale calls also contain subharmonics (Sayigh et al., 2013).  Risso’s dolphins (Grampus griseus) 
produce biphonal vocalizations that consist of a combined whistle and burst-pulse (Corkeron & 
Van Parijs, 2001).  One study found nonlinear phenomena, specifically subharmonics, 
deterministic chaos, biphonation, and frequency jumps, present in 92.4% of killer whale 
vocalizations analyzed (Tyson et al., 2007). 
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Some reports of the occurrence of biphonation in odontocetes also include suggested 
social functions.  A captive beluga and her two offspring (but not an unrelated female beluga that 
shared the pool) were reported as producing a combined tonal/pulsed signal.  This shared call 
was used predominantly in situations where establishing contact and group cohesion were 
important (Vergara, Michaud, & Barrett-Lennard, 2010).  Combined tonal/pulsed signals were 
recorded from two free-ranging, digital archival tagged Narwhals (Monodon monoceros).  These 
calls were individually distinctive, and it was suggested that these calls were signature 
vocalizations that may function to facilitate their reunion with group members from which they 
had been separated during the tagging process (Shapiro, 2006). 
Biphonation has been reported in bottlenose and spotted dolphins in the form of 
combined whistle/burst-pulse signals.  Blomqvist, Mello, and Amundin (2005) report a ‘play-
fight signal’ in one group of captive bottlenose dolphins, comprised of a short pulse-burst 
followed by a frequency modulated whistle.  In some of these combinations, the whistles began 
before the termination of the pulse burst component (Blomqvist et al., 2005). Evans-Wilent and 
Dudzinski (2013) report the use of a combined whistle/click train vocalizations during pectoral 
fin contact in bottlenose dolphins.  Although infrequently produced by either sex, males were 
more likely to produce whistle/click trains during contact with other dolphins than females were 
(Evans-Wilent & Dudzinski, 2013).  Reiss (1988) reported the production of ‘whistle-squawks,’ 
signals with simultaneously produced whistle and pulsed components, by infant bottlenose 
dolphins during the first few weeks of development.  Whistle-squawks were emitted during 
emotional situations such as prolonged separation from the mother or swimming into a tank wall 
(Reiss, 1988). 
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The well-studied Bahamas population of Atlantic spotted dolphins produce what are 
termed ‘excitement vocalizations’ – burst-pulses with overlapping, frequency modulated 
signature whistles (Herzing, 1996).  Excitement vocalizations are the predominant vocalizations 
produced during behavioral contexts of excitement or distress, such as intraspecific social 
behavior or human presence in the water (Herzing, 1996).  These vocalizations are produced by 
dolphins of both sexes and all age classes, but are most frequently produced by calves (Herzing, 
1996).  They appear similar to whistle-squawks reported by Caldwell and Caldwell (1967) and 
Reiss (1988), further supporting the idea that there is an emotive aspect to these vocalizations 
(Herzing, 2000).  Burst-pulse vocalizations also recur repeatedly in the signature whistles of 
some individuals in this population, and may be a key characteristic of these individuals’ 
signature whistles (Bebus & Herzing, 2015). 
 Although there are several examples of biphonation in dolphins in which tonal and burst-
pulse elements are combined, there are very limited reports of dolphins producing two 
simultaneous tonal sounds.  There is one report in the literature of a ‘two-voice signature whistle’ 
produced in a population of wild common bottlenose dolphins off the coast of Namibia (Kriesell, 
Elwen, Nastasi, & Gridley, 2014), and a second report of a bitonal signature whistle type in a 
bottlenose population off Sicily (Papale et al., 2015). 
 This current study looks at the occurrence of subharmonics and biphonation in Atlantic 
spotted dolphin vocalizations.  The occurrence of two types of biphonal signals are reported: a 
combined burst-pulse/tonal signal, and bitonal signal.  Possible social functions are discussed. 
Method 
Vocalizations were recorded from a population of Atlantic spotted dolphins (S. frontalis) 
inhabiting the waters off the Bimini Islands, Bahamas.  Data in Bimini were collected over 10 
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weeks during the summers of 2009, 2010, 2011, 2012, and 2013.  The field site off Bimini, 
Bahamas was accessed using either a 19.8 m live-aboard sailboat or a 12.8 m Hatteras motor 
boat.  Boat surveys along the banks in Bimini were undertaken in the Hatteras 5 days per week 
for 5-6 hours per day, and from the sailboat, 3 to 5 days per week for 10 hours per day.   
Whistles were assigned to individuals based on bubble emission and/or proximity.  If the 
beginning of a whistle was concurrent with the emission of bubbles from a dolphin’s blowhole, it 
was assumed that the whistle was emitted from that dolphin (Fripp, 2005; Herzing, 1996; 
McCowan & Reiss, 1995c).  A whistle was also assigned to an individual dolphin if there was 
only one dolphin in close vicinity to the hydrophone and the whistle was loud enough to indicate 
that the whistler was in close proximity.  Age class was assigned to the vocalizing dolphin based 
on the amount of spotting.  If possible, vocalizing dolphins were individually identified based on 
unique spotting patterns, scars, and nicks in their flukes, dorsal fins, and pectoral fins, and were 
matched to the dolphin identification (ID) catalogue for confirmation of sex and age.  Class II 
and younger Class III dolphins have very few spots, so can usually only be ID’d by fin or fluke 
notches and permanent scars if present, but not spotting patterns.  However, dolphins often bear 
temporary white scars, called ‘rake marks,’ that result from another dolphin raking them (by 
biting or scraping the dolphin with their teeth) during social interactions.  These temporary scars 
last 2 or 3 days and can be used as short-term identifying features; in this study, rake marks were 
used to distinguish and ID Class II and young Class III dolphins lacking other identifying 
features within an encounter and across encounters that occurred within a day of each other. 
 Whistles were categorized into types based on contour shape.  The presence of 
subharmonics and bifurcations were determined by visual inspection of spectrograms.  
Subharmonics are additional spectral components that appear on a spectrogram of a whistle at 
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fractional multiples of the fundamental (see Figure 4.1).  Bifurcations refer to tonal whistles that 
split or fork at some point in the whistle.  Occurrence of biphonation was detected by 
simultaneously listening to the recordings while visually inspecting spectrograms.  Whistles were 
only categorized as biphonal if the two components were both heard and also appeared on the 
spectrogram.  Two types of biphonation were classified: burst-pulse whistles and bitonal 
whistles.  A burst pulse whistle is a whistle with an overlapping, simultaneously occurring, burst-
pulse component.  A bitonal whistle appears on a spectrogram as two simultaneously occurring, 
distinct, nonparallel fundamental frequencies with no simple ratio relating them (Tyson et al., 
2007). 
 
Figure 4.1.  Whistle type 12 with subharmonics (SHR), a burst-pulse component (BP) and a 
tonal component (TN). 
SHR 
SHR 
TN 
BP 
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When scoring bitonal whistles, one of two criteria were used to determine if the whistle 
was comprised of two simultaneously produced sounds emitted from the same dolphin rather 
than two sounds produced by two different dolphins.  The first criterion was proximity; if both 
components (two tonal sounds in the case of bitonal whistles, or the burst-pulse component and 
whistle component in the case of burst-pulse whistles) occurred simultaneously, were both loud 
in amplitude, and only one dolphin was in close proximity to the hydrophone, then it was 
assumed that both components of this whistle were produced by the same dolphin.  The second 
criterion was stereotyped placement of the second component.  Some contours were repeated, 
stereotyped contours that had an overlapping tonal component or burst pulse component in a 
large portion of the whistles produced, across more than one encounter and/or on more than one 
day (see Figure 4.2).  In these signals, the second component fell in a characteristic place during 
the production of the first component.  It is unlikely that two different dolphins synchronized 
their vocalizations across a long period of time in a single encounter or across multiple 
encounters with such precise timing.  Whistle contours that had a stereotyped placement of the 
second component were counted as biphonated whistles, and it was assumed that both sounds 
were likely produced by the same dolphin.   
Results 
Whistles were analyzed from 693 minutes of recordings of the Bimini spotted dolphin 
population.  These recordings were collected over 24 days and across 39 different encounters 
during 2009-2013.  The group sizes ranged from 1 to more than 30 dolphins, and were comprised 
of a mix of juveniles, adults, and calves.  A total of 1239 whistles were analyzed for the 
occurrence of biphonation and what are termed ‘nonlinear phenomena,’ – subharmonics and 
bifurcation.   
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Biphonation is common in spotted dolphin whistles in this population; 25.84% of all 
whistles analyzed (n = 1239) were biphonal.  Burst-pulse whistles were more common than 
bitonal whistles; 21.59% (n = 274) of all whistles analyzed were burst-pulse whistles, while only 
4.41% (n = 56) were bitonal.  Subharmonics were present in 10.95% (n = 139) of the whistles.  
Bifurcation was not common in whistles - only 0.47% (n = 6) of whistles were bifurcated.  
A subset of 397 whistles were identified to individuals and were used to examine the use 
of subharmonics and biphonation in dolphins across age class.  The majority of these whistles, 
358 out of 397, were produced by Class II calves or Class III juveniles, while 39 were produced 
by Class IV young adults and Class V adults (13 and 26 whistles, respectively).  Whistles were 
compared between two age groups of dolphins.  The first age group included all dolphins not yet 
sexually reproductive, which are Class II and Class III dolphins. The second group included all 
sexually mature, or Class IV and Class V, dolphins.  Presence of biphonation and subharmonics 
differed greatly between these age classes.  Subharmonics were present in 41.03% (n = 16) of 
adult whistles, and in 12.85% (n = 46) of calf and juvenile whistles.  Biphonation was frequent, 
occurring in 48.32% of Class II and Class III whistles and 61.54% of adult whistles.  Younger 
dolphins emitted more burst-pulse whistles than older dolphins; 44.13% (n = 158) of Class II and 
III whistles were burst-pulse whistles, while 15.38% (n = 6) of adult whistles were burst-pulse 
whistles.  The biggest difference between age classes was in the use of bitonal whistles; 41.03% 
(n = 18) of adult whistles were bitonal, while only 4.19% (n = 15) of Class II and III whistles 
were bitonal.  Sample sizes were not large enough to compare use of biphonation between sexes, 
or to compare Class IV to Class V dolphins.   
A second analysis was conducted that excluded vocalizations of dolphins that were 
identified as vocalizers based on proximity.  In this second analysis, the age of whistler was ID’d 
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based on bubble streams, or if all dolphins in the encounter were of the same age class, the 
whistle was ID’d to a dolphin of that age class.  Results were similar.  This second subset was 
comprised of 374 whistles; 28 of these whistles were produced by adult dolphins, and 436 were 
produced by Class II or Class III dolphins.  Biphonation occurred in 47.69% of Class II and 
Class III whistles and 64.29% of adult whistles.  Younger dolphins emitted more burst-pulse 
whistles than older dolphins; 43.35% (n = 150) of Class II and III whistles were burst-pulse 
whistles, while 21.43% (n = 6) of adult whistles were burst-pulse whistles.  The biggest 
difference between age classes was in the use of bitonal whistles; 42.86% (n = 12) of adult 
whistles were bitonal, while only 4.33% (n = 15) of Class II and III whistles were bitonal.   
Burst-Pulse Whistles 
The occurrence of burst-pulse whistles was not context-specific; several different types of 
burst-pulse whistles were recorded during affiliative-social, escalated-social, people-oriented, 
and solitary behavioral contexts.  Six whistle types usually appeared as biphonal, burst-pulse 
whistles: whistle types 9, 12, 15, 24, 27, and 28.  These whistle types were recorded multiple 
times, and were often produced by specific individuals.  Descriptions of these specific whistle 
types, the dolphins that produced them, and the social context in which they were produced 
follow.  Spectrograms of these whistles are presented in Figure 4.3.  Out of the entire set of 1239 
whistles, other whistle types contained burst-pulse components as well, but had only one or two 
examples and were not identified to individuals, so could not be examined further for pattern of 
use. 
Whistle type 9 was recorded 26 times, with a burst-pulse component in 73.08% of these 
whistles.  Whistle type 9 was ID’d to dolphin #84, a Class III juvenile female, in two separate 
encounters in 2010 and 2012.  This whistle type was also recorded in two additional encounters 
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in 2011.  No whistles could be identified to an individual in these encounters, but dolphin #84 
was present in both encounters.  Both of these encounters were comprised of a group of three 
ClassII/III females.  
Whistle type 12 was recorded 80 times in six separate encounters over 4 years and 
contained a burst-pulse component in 53.75% of the occurrences (see Figures 4.1, 4.3).  When 
ID’s to an individual were possible, these whistles were ID’d to a calf or young juvenile that was 
too young to be permanently catalogued due to lack of spotting pattern.  This could have been 
the same calf or different calves. 
Whistle type 15 was recorded 41 times and contained a burst-pulse component 75.61% of 
these times (see Figures 4.2, 4.3).  When ID’d to an individual, this whistle was ID’d to dolphin 
#93, a young CIII female, and was ID’d to this same dolphin across multiple encounters and 
multiple years.  Dolphin #93 was first recorded producing this whistle when she was a Class II 
dolphin, but became a Class III female by 2013. 
Whistle type 24 was recorded 25 times, and contained a burst-pulse component in every 
example.  This whistle type was produced by dolphin #95, a Class III male, 23 times in one 
encounter.  The whistle was not identified to an individual dolphin the few other times it was 
recorded.   
Whistle type 27 was recorded 14 times across four encounters, and contained a burst-
pulse component in 85.71% of the whistles recorded.  This whistle was produced at least three 
times by dolphin C3D, an uncatalogued Class III female, in one encounter in 2011.  This whistle 
type was recoded again in another encounter in 2011.  No whistles were identified to individuals 
in the second encounter, but the group in the second encounter was comprised of three Class 
II/III females, one of which was dolphin C3D.   
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Whistle type 28 was recorded three times during two separate encounters, and contained 
a burst-pulse component in all examples.  All three whistles were ID’d to dolphin  #64, a Class 
IV male.  One of these encounters was a mixed-species encounter, with both bottlenose and 
spotted dolphins. 
Bitonal Whistles 
Bitonal whistles were comprised of two tonal components – a high frequency component 
and a low frequency component.  The high frequency component was produced alone or in 
combination with the low frequency component.  The high frequency component was a 
frequency modulated whistle that fell between 1.58 – 25.09 kHz.  The mean low frequency of 
these whistles was 5.58 kHz (SD = 1.66 kHz, range = 1.58 – 9.68 kHz), the mean high frequency 
was 17.12 kHz (SD = 3.51 kHz, range = 9.24 – 25.09 kHz), and the duration was 1.11 seconds 
(SD = 0.31 sec, range = 0.56 – 1.97 sec).  The low frequency component fell between 0.70 – 
13.85 kHz.  This component was much shorter in duration, with a mean duration of 0.19 sec (SD 
= 0.08, range = 0.05-0.49 sec), and could appear more than once during the production of the 
first element.  The second component tended to be flatter, with few or no inflections.  Acoustic 
parameters for these components are reported in Table 4.1. 
Certain whistle types frequently had two tonal components.  These bitonal whistles, like 
the burst-pulse whistles, were not context-specific; bitonal whistles were recorded during 
affiliative-social, escalated-social, people-oriented, and solitary behavioral contexts.  
Descriptions of these whistles, the dolphins that produced them, and the social context in which 
they were produced follow.  Frequency parameters for these types are reported in Table 4.1. 
Whistle type 3 was recorded three times during one encounter (Figure 4.4).  Two out of 
three of these whistles had a second, lower frequency component that fell below 7.6 kHz.  All 
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whistle type 3’s were produced by dolphin #35, a Class IV female, during a single encounter.  
This encounter began with two juveniles circling swimmers.  These two juveniles left, and a lone 
young adult, dolphin #35 remained.  She alternated between circling swimmers and solitary 
swimming.  She was pregnant at the time of this encounter.   
Whistle type 5 was recorded 20 times across three encounters (Figure 4.5).  Most whistles 
had low signal-to-noise ratio in the recording, so the presence of a bitonal component could not 
always be determined.  Eleven out of 20 of these whistles had low frequency components that 
fell under 13.90 kHz.  Six of these whistles were ID’d to ‘Old Whitey’ during one encounter.  
Old Whitey is a Class V dolphin that has not yet been cataloged, and this dolphin’s sex is not 
known.  The dolphins in this encounter comprised a chaperone group, with three or four calves 
and juveniles engaged in social interaction with each other.  Old Whitey stationed itself on the 
outskirts of this group. 
Whistle type 6S was recorded 34 times across 5 encounters, and was produced by at least 
2 different dolphins (see Figure 4.6).  A second, simultaneously produced tonal element falling 
below 5 kHz appeared in 23 out of these 34 whistles.  This whistle was recorded once in an 
encounter in 2011.  The whistle was recoded from a group comprised of dolphin #87 (a Class III 
female) and two unidentified Class II/III dolphins.  This contour was produced 14 times by one 
of two calves (Class II dolphins) in two encounters in 2012; one encounter was with a group of 
three calves and young juveniles, and one encounter was with a group of over 30 dolphins.  
These two calves may have been the same calf or two different calves.  Whistle 6S was recorded 
four times in an encounter in 2013 from a group comprised of 8 dolphins of mixed ages.  
Dolphin #87 was part of this group.  In an encounter 3 days later, whistle 6S was produced by 
dolphin #10 (a Class IV female) at least six times.  The group in this encounter was comprised of 
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two dolphins: dolphin #10 and dolphin #87.  These two dolphins were engaged in the ‘seaweed 
game,’ which entails carrying clumps of sargassum on a pectoral fin, dorsal fin, rostrum, or 
fluke, and then dropping it for another dolphin to pick up.  Sargassum is often exchanged 
between the two participating dolphins multiple times during this game. 
 Whistle type 8 was recorded 18 times across five encounters (see Figure 4.7).  Six of 
these whistles were very faint, so it was not possible to determine presence of a second tonal 
component.  Of the other 12 whistles recorded, six had a simultaneously produced lower tonal 
component.  This lower component fell below 7.6 kHz.  In one encounter this whistle was ID’d 
to dolphin # 48 (a Class V female).  This encounter began with five dolphins of mixed ages.  
Three of the dolphins left, and two Class V adults, dolphin #48 and dolphin #70, remained.  
These two alternated between affiliative-social behavior, people-oriented behavior, and solitary 
swimming.  Dolphin #70 also produced a bitonal whistle during this encounter, whistle type 11, 
which is described below.  Dolphin #48 was present in another encounter from which this 
whistle was recorded.  It is possible that dolphin #48 produced these type 8 whistles as well, but 
this could not be confirmed because no whistles in that encounter could be identified to an 
individual dolphin.   
Whistle type 11 was recorded 27 times across 5 encounters (see Figure 4.8).  Eight out of 
19 of these whistles had a second tonal element falling under 3.70 kHz.  The other whistles were 
faint, so it is possible that more than 8 of these whistles were bitonal, but that the lower 
component was undetectable because of low signal-to-noise ratio.  Eighteen of these whistles 
were recoded from mixed-age groups of dolphins and were not identified to an individual 
dolphin.  Nine of these type 11 whistles were produced by dolphin #70 (a Class V female) during 
one encounter. 
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Whistle type 12 was recorded 80 times in six separate encounters.  Only four of these 
whistles contained a second, low frequency component (see Figure 4.1).  All four of these bitonal 
whistles were recorded from the same encounter, and were ID’d to one or more Class II calves. 
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Table 4.1 
Bitonal Whistle Acoustic Parameters 
 
Note.  HFC refers to the high frequency component of the bitonal whistle.  LFC refers to the high frequency component.  All 
frequency measurements are in kHz, time is in seconds.  Low frequency components have a much smaller delta frequency and much 
shorter duration than their corresponding high frequency components 
  
Whistle Type Min Freq    
M  ± SD
range Max Freq    
M  ± SD
range Delta Freq    
M  ± SD
range Start Freq    
M  ± SD
range End Freq    
M  ± SD
range Duration 
M  ± SD
range
All HFC (n  = 56) 5.53 ± 1.66 1.58 - 9.77 17.45 ± 3.74 9.24 -25.09 11.92 ± 3.38 4.85 - 19.66 1.12 ± 0.33 2.78 - 15.5 7.29 ± 2.66 3.61 - 17.47 8.13 ± 3.29 0.56 - 2.03
All LFC (n  = 74) 2.58 ± 1.61 1.37 - 9.30 3.84 ± 2.14 2.29 -13.85 1.25 ± 0.87 0.31 - 15.94 2.75 ± 1.68 1.37 - 9.58 3.60 ± 2.12 1.37 - 12.14 0.19 ± 0.08 0.08 - 0.49
3 HFC  (n  = 2) 8.25 ± 0.38 7.99 - 8.52 23.39 ± 1.68 22.20 - 24.58 15.14 ± 2.06 13.68 - 16.59 15.34 ± 0.24 15.17 - 15.50 9.70 ± 1.09 8.93 - 10.47 1.23 ± 0.08 1.28 - 1.71
3 LFC (n  = 2) 5.64 ± 0.58 5.23 - 6.04 7.55 ± 0.00 7.55 - 7.55 1.92 ± 0.58 2.32 - 1.51 5.64 ± 0.58 5.23 - 6.04 7.55 ± 0.00 7.55 - 7.55 0.24 ± 0.03 0.22 - 0.26
5 HFC  (n  = 6) 5.14 ± 0.38 4.41 - 5.43 23.05 ± 1.22 21.89 - 25.09 17.91 ± 1.06 16.57 - 19.67 7.15 ± 0.74 6.18 - 8.26 6.03 ± 0.61 5.43 - 6.82 1.64 ± 0.36 1.29 - 2.03
5 LFC (n  = 10) 5.35 ± 2.40 2.66 - 9.30 7.75 ± 3.03 5.50 - 13.85 2.4 ± 1.17 0.95 - 5.03 5.52 ± 2.65 2.66 - 9.58 7.28  ± 2.51 5.22 - 12.14 0.16 ± 0.05 0.12 - 0.28
6S HFC (n  = 24) 4.87 ± 1.07 2.78 - 6.95 16.90 ± 1.32 14.92 - 18.95 12.03 ± 1.96 8.90 - 14.80 6.45 ± 2.16 2.78 - 12.09 6.03 ± 1.44 3.61 - 8.44 1.16 ± 0.26 0.57 - 1.52
6S LFC (n  = 51) 1.91 ± 0.46 1.37 - 4.16 2.08 ± 0.48 2.29 - 4.99 0.89 ± 0.26 0.31 - 1.38 2.12 ± 0.59 1.37 - 4.16 2.56 ± 0.91 1.37 - 7.17 0.20 ± 0.07 0.08 - 0.39
8 HFC (n = 5) 3.97 ± 0.83 3.02 - 4.85 9.60 ± 0.22 9.24 - 9.79 5.6 ± 0.75 4.85 - 6.50 3.93 ± 0.83 3.02 - 4.85 5.71 ± 0.45 5.12 - 6.31 0.66 ± 0.09 0.56 - 0.79
8 LFC (n  = 5) 5.13 ± 0.59 4.27 - 5.74 6.77 ± 0.55 6.11 - 7.57 1.64 ± 0.94 1.10 - 3.30 5.42 ± 0.83 4.27 - 6.47 6.62 ± 0.72 5.74 - 7.57 0.33 ± 0.09 0.27 - 0.49
11 HFC (n  = 6) 6.89 ± 0.39 6.37 - 7.38 17.65  ± 0.18 17.42 - 17.91 10.76 ± 0.44 10.05 - 11.41 7.26  ± 0.56 6.37 ± 7.98 11.61 ± 0.73 10.40 - 12.33 1.17  ± 0.18 0.87 - 1.40
11 LFC (n  = 6) 1.90 ± 0.17 1.64 - 2.07 3.05  ± 0.45 2.43 - 3.65 1.15  ± 0.29 0.79 - 15.94 2.03  ± 0.23 1.77 - 2.44 2.79  ± 0.81 1.64 - 3.66 0.20  ± 0.07 0.10 - 0.31
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Figure 4.2.  Examples of whistle type 15 with a simultaneously produced burst-pulse component.  Examples A and B were recorded in 
August of 2010, example C was recorded in August of 2012, and example D was recorded in June of 2011.  Boxed areas indicate 
burst-pulse components.  
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Figure 4.3.  Biphonal burst-pulse whistles.  Top row - two examples of whistle type 9.  Middle row – whistle type 12 and two 
examples of whistle type 15. Bottom row – whistle types 24, 27, 28. 
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Figure 4.4.  Whistle type 3.  The low frequency component is indicated by arrows. 
 
 
Figure 4.5.  Whistle type 5.  The low frequency component is indicated by arrows.  
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Figure 4.6.  Whistle type 6S.  The low frequency components are indicated by arrows. 
 
 
 
 
 
 
 
   
 
Figure 4.7.  Whistle type 8.  The low frequency component is indicated by arrows.  
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Figure 4.8.  Whistle type 11.  The low frequency component is indicated by arrows.  The last 
contour is an example of a monophonic whistle without a low frequency component. 
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Discussion 
Biphonation and subharmonics frequently appear in the whistles of Atlantic spotted 
dolphins in the Bahamas.  Whistles with a second simultaneously produced burst-pulse or tonal 
component are rarely described in reports of dolphin whistle use and dolphin acoustic repertoires 
(but see Bebus & Herzing, 2015; Evans-Wilent & Dudzinski, 2013; Herzing, 1996; Kriesell et 
al., 2014; Papale et al., 2015; Reiss, 1988).  Are biphonic whistles, which comprise over 25% of 
whistles produced by Bimini spotted dolphins, simply less common in other species of dolphins, 
or have they been overlooked in other studies?  Given the prevalence of biphonation in the 
whistles in the current study population, biphonation may play an important role in spotted 
dolphin acoustic communication signals, conveying information such as role, status, or identity.  
Accordingly, Bebus and Herzing (2015) suggest the addition of burst-pulse components may be 
an important feature of specific individual dolphins’ signature whistles in Bahamas spotted 
dolphins. 
Whistles are thought to play a vital role in group coordination and cohesion in delphinids.  
Signals that convey information about orientation or direction of movement of the signaler 
would be highly advantageous in species such as dolphins that live in environments that are often 
visually restricted by factors such as water turbidity or the darkness of night.  Dolphin whistles 
do in fact have directionality; higher frequency whistles and higher order harmonics attenuate 
more rapidly with increasing angle of orientation (Branstetter, Moore, Finneran, Tormey, & 
Aihara, 2012).  Lammers and Au (2003) found that the whistles produced by a dolphin moving 
towards a towed hydrophone array have a higher amplitude and richer harmonic structure than 
whistles emitted by a dolphin moving away from the array.  Harmonics are more directional than 
the fundamental frequency, and the higher the harmonic, the more directional it is, which means, 
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for example, the second harmonic is more directional than the first (Branstetter et al., 2012; 
Lammers & Au, 2003).  To determine whether dolphins are actually able to detect this 
information about directionality contained in whistle structure, Branstetter, Black, and Bakhtiari 
(2013) presented bottlenose dolphins with a whistle discrimination task.  They found that the 
dolphins were able to discriminate between synthetic versions of whistles recorded from a 
dolphin at different angles (Branstetter, Black, & Bakhtiari, 2013).  These authors all suggest 
whistle directionality may provide cues about the orientation and direction of movement of the 
signaler, aiding in coordinated group movement and cohesion (Branstetter et al., 2013, 2012; 
Lammers & Au, 2003). 
Dholes and killer whales produce biphonic calls which may provide additional cues that 
their monophonic calls lack, possibly conveying information about both direction and identity to 
the receiver.  The addition of a second component in dolphin whistles could function in a similar 
manner; the higher frequency whistle component may provide cues about directionality, and the 
lower frequency tonal or burst-pulse component may add additional information about identity. 
The prevalence of biphonal burst-pulse components in specific repeated, stereotyped 
whistle contours, some of which which were ID’d to individual dolphins, suggests that burst-
pulse components could be an important feature that conveys identity information in what may 
be individual contact calls, or ‘signature whistles.’  Burst-pulse whistles were produced more by 
younger dolphins than older dolphins; 44.13% of calf and juvenile whistles were burst-pulse 
whistles, while less than 16% of adult whistles were burst-pulse whistles.  Out of all of the 
whistles identified to individual adult dolphins, whistles were individually ID’d to three Class IV 
adults and four Class V adults.  Interestingly, of these whistles, no whistles emitted by Class V 
adults contained burst-pulse components.  Although the sample sizes were small for Class IV 
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and Class V adult whistles, this suggests that burst-pulse whistles occur much more frequently in 
younger animals, and are less likely to be produced with increasing age. 
 Although there are descriptions of biphonal calls in dolphins comprised of 
simultaneously produced whistles and burst-pulse components, descriptions of bitonal whistles 
comprised of two tonal components are lacking in the literature, with the exception of one report 
of a ‘two-voice’ bitonal signature whistle recorded in a bottlenose dolphin population in Namibia 
(Kriesell et al., 2014) and a report of a bitonal signature whistle type in a bottlenose dolphin 
population in Sicily (Papale et al. 2015).  As with reports of biphonal whistles, this begs the 
question, are bitonal whistles present, but unnoticed, in other populations of dolphins, or are 
bitonal whistles unique to certain dolphin populations?  This question can only be answered with 
further exploration into repertoires of other populations. 
 It is interesting to note that in the Bimini population of spotted dolphins, there was a 
distinct age difference in the production of bitonal whistles that were recorded.  Of those ID’d to 
individual dolphins, 41.03% of the whistles produced by sexually mature dolphins were bitonal, 
while only 4.19% of whistles produced by calves and juveniles were bitonal.  Furthermore, when 
these bitonal whistles were identified to adult individuals, they were usually identified to 
females.  There were five adults that produced bitonal whistles: two adult females, two young 
adult females, and one adult of unknown sex.  The other two adults that produced whistles that 
were individually identified to the whistler were two Class IV males.  Neither of these males 
produced whistles that had a second tonal component, but both produced biphonal burst-pulse 
whistles.  (It should be noted however, that there was only one whistle recorded for male #78, so 
this result for dolphin #78 may be inconclusive.)  Given the prevalence of bitonal whistles 
among adult females, it may be that the use of bitonal whistles conveys information about age, 
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status, or role.  The ability to produce bitonal whistles could, on the other hand, be related to 
physical maturity. 
Producing two tonal sounds simultaneously may have a developmental component, with 
successful production of biphonation requiring a skill that is learned over time.  Captive 
bottlenose dolphins are reported to produce unstereotyped whistles at birth, and develop more 
stereotyped contours over the first year or two of their lives (Caldwell & Caldwell, 1967; 
McCowan & Reiss, 1995c).  One study looked at the production of sounds in a neonate 
bottlenose dolphin over the first few days of life.  Initially, the dolphin produced sounds 
consisting exclusively of burst-pulses, but by day 5, these burst-pulse sounds contained whistle-
like elements (Killebrew, Mercado, Herman, & Pack, 2001).  These studies both demonstrate 
that whistle production develops over time.  
 It is very likely that the two sounds in the burst-pulse whistles and bitonal whistles 
reported in spotted dolphins are produced by two different sound sources.  Early reports from the 
1960’s described the dolphin’s ability to whistle and click simultaneously (Lilly & Miller, 1961).  
These simultaneous whistles and clicks were produced by two separate phonation mechanisms 
(Lilly, 1962).  Lilly (1962) reported that bottlenose dolphin tended to click with the left 
mechanism and whistle with the right, and could produce both sounds individually or together.  
Cranford and colleagues demonstrated that dolphins are capable of producing acoustic pulses or 
clicks with either their right or left set of phonic lips, and could generate sounds from these sets 
of phonic lips independently or simultaneously (Cranford et al., 2011).  Other toothed whales 
also have this ability; a beluga whale (Delphinapterus leucas) was shown to use two signal 
generators simultaneously when echolocating (Lammers & Castellote, 2009).  Madsen, 
Lammers, Wisniewska, and Beedholm (2013) demonstrated that 5 bottlenose dolphins and a 
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false killer whale could produce clicks and whistles simultaneously, usually producing clicks 
with the right set of phonic lips and whistles with the left.  The authors suggested that dolphins 
can probably produce whistles with the right set of phonic lips as well, but don’t usually 
(Madsen et al., 2013).  Taken together, these studies show that dolphins can click and whistle 
simultaneously from two separate sounds sources, and can produce the whistle component using 
either the right set of phonic lips (in Lilly’s report) or the left set of phonic lips (as reported by 
Madsen et al, 2013).  Dolphins may have a tendency to only use one set of lips when producing 
whistles, and using both sets to simultaneously produce two whistles may require a skill that has 
to be developed over time.   
 Bitonal whistles and whistles rich in subharmonics may have an important social function 
in this spotted dolphin population, conveying information about a dolphin’s status, age, or role.  
Attention has been given to the role of adult females in elephant, killer whale, and sperm whale 
societies.  Older female elephants and killer whales have been reported to serve as what has been 
described as ‘repositories of ecological and social knowledge’ (Brent et al., 2015; McComb et 
al., 2011; McComb, Moss, Durant, Baker, & Sayialel, 2001).  Sperm whales (Physeter 
macrocephalus) live in stable social units consisting of adult females and their offspring.  Codas, 
or patterned series of clicks, are common vocalizations among sperm whales, and are produced 
during periods of social behavior (Marcoux, Whitehead, & Rendell, 2006).  In one population of 
sperm whales, Marcoux, Whitehead, and Rendell (2006) found that codas recorded in breeding 
areas were produced almost entirely by adult females.  The authors suggest a parallel between 
sperm whales and African elephants in social structure and role of adult females (Marcoux et al., 
2006).  African elephants (Loxodonta africana) live in stable matriarchal groups lead by older 
adult females, who play key roles in coordinating group movement and response to threat 
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(McComb et al., 2011, 2001). Playback experiments have shown that adult females were able to 
discriminate between the calls of close associates and distant associates (McComb et al., 2001).  
Family units with older matriarchs were better at discriminating calls of close associates than 
family units with younger matriarchs were (McComb et al., 2001).  There was a correlation with 
social knowledge and reproductive success; families with older matriarchs experienced higher 
reproductive success, with more calves produced by the family per female per year (McComb et 
al., 2001).  A follow up playback experiment demonstrated that older matriarchs were better able 
to assess predatory threat – namely, to distinguish between the roars of female lions and male 
lions (a more dangerous threat).  Younger matriarchs could recognize that roars from three lions 
suggested a greater threat than one lion, but underreacted to the roars from male lions, possibly 
because due to experience, the older matriarchs were better able to recognize the greater threat 
male lions posed (McComb et al., 2011).  Adult female killer whales also hold a leadership role, 
especially during times of ecological hardship.  Adult females were found to be more likely to 
lead groups during collective group movement than were adult males (Brent et al., 2015).  Older, 
post-reproductive females in particular were more likely to lead groups in salmon foraging 
grounds, especially in years when salmon abundance was low (Brent et al., 2015).   
Spotted dolphins in the Bimini population live in a fission-fusion society with a complex 
social structure.  Adult females in this population may take on leadership or matriarchal roles, 
and the use of subharmonics and biphonation in the form of bitonal whistles may provide cues as 
their social role or status.  Leadership roles have been shown in bottlenose dolphins, a species 
which also lives in fission-fusion societies (Lewis, Wartzok, & Heithaus, 2010), with complex 
social structures very similar to spotted dolphins.  In bottlenose dolphins, a small number of 
specific individuals were more likely to lead than other members of the population (Lewis et al., 
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2010).  Additionally, adults in the Bahamas spotted dolphin populations have been observed 
‘babysitting,’ or taking on alloparental roles (Herzing & Elliser, 2013; Herzing, 1996, 2015).  
Given that adults in this spotted dolphin population may take on specific social roles such as 
leadership or alloparental care, a whistle with elements that provide cues to age, role, or social 
status would be highly advantageous. 
Sample sizes were not large enough to compare use of biphonation between sexes, but 
with a larger dataset that will allow for this analysis, these comparisons will provide an 
interesting addition to this exploration of use of biphonation.   
Conclusion 
Biphonation, the simultaneous production of two sounds, is a commonly occurring 
phenomena in Atlantic spotted dolphins in the Bimini population in the Bahamas.   
Biphonal calls are produced by several different individuals in this population, and the same 
individual may produce a particular whistle type both with and without a burst-pulse or tonal 
component.  Biphonal components appear in several different whistle types, and in particular, 
biphonation often occurs in repeated, stereotyped whistle contours, which may be individual 
dolphins’ contact calls or signature whistles.  Whether biphonation is used in other types of 
whistles as well remains unclear; a larger sample size of biphonal whistles will be needed to 
determine this. 
Both burst-pulse whistles and bitonal whistles have been recorded in this population, 
however, bitonal whistles are produced far more frequently by adults than by sexually immature 
dolphins, while burst-pulse whistles are produced more often in younger rather than older 
animals.  Biphonal components of whistles may provide cues as to identity, age, and social role 
in spotted dolphin whistles.  
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